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SPACE WALK — Because there is no atmo- 
sphere in space to reflect and diffuse sunlight, 
the sky appears black. 
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INTRODUCTION 


Volume 16 examines many of the physical 
phenomena associated with light, sound, 
and mechanics 

Light, or optics, is the study of those 
electromagnetic waves to which the hu- 
man eye is sensitive. Their wavelengths 
lie in the very narrow band between 
4 X 10-5 cm (violet) and 7 x 10-5 ст 
(red). Because of their intimate relation- 
ship with everyday experiences, the ef- 
fe of light have always provided a 
fascination for man. Who has not won- 
dered what causes a rainbow, or why the 


sky is blue by day and red at sunset? To- 
s can explain, through the 
basic laws of light, such phenomena as 
reflection, refraction (the bending of 
light by a prism), and the coloring of an 
oil film on water. Throughout the cen- 
turies scientists have made great use of 
these properties in designing optical in- 
struments to aid their investigations of 
natural phenomena. Today it is possible 
to build (often with the aid of a com- 
puter) complicated lens systems for mi- 
croscopes, telescopes, and cameras, 

Light has another interesting aspect. 
Electromagnetic radiation in the optical 
band originates from transitions among 
the outer electrons of atoms and mole- 
cules; hence, in order to explain some of 
the phenomena associated with light, it 
is necessary to know atomic and molec- 
ular structures. The effect of light on 
outer electrons is crucial to life on Earth: 
the sun’s rays bring about many of the 
subtle chemical processes (such as pho- 
tosynthesis) that are often taken for 
granted but on which life depends. 
Knowledge of atomic properties has re- 
cently been put to use in the development 
of the laser, an extremely high-intensity 
beam of monochromatic light. 

The branch of physics known as sound 
concerns the sense of hearing. As in the 
case of light, sound has a wave nature. 
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Usually, many frequencic sent in 
a given sound, and if the { ies are 
in simple ratios the sound y con- 
sidered pleasing. Musical i its are 
therefore constructed to p waves 
of the appropriate frequen is can 
be done in many ways; fo le, by 
causing vibrations of a s! | wire 
(violin, piano), or of a of air 
(flute, clarinet, or trump: of a 
stretched membrane (ги: 

The third branch of phy lered 
in this volume is mechanics idy of 
objects in motion. The law issical 
mechanics were first for: more 
than three hundred years a; "wton 
and Galileo, and the subje ntin- 
ued to develop since then. \ ently, 
powerful analytic methods I n in- 
troduced; Einstein's theory tivity 
has been incorporated; and 1920s 
quantum mechanics was inve give 
à more correct description 0 truc- 


ture of atoms. 
Mechanics holds a special ro 
ics because it is the subject t! 


many of the basic concept 
convenient to use in most 
meaning of force, potential : netic 
energies, and momentum are j ap- 
plicable in electromagnetism | in 
atomic and nuclear physics as are 
in mechanics, 

The law of universal gravitation is an- 
other vital contribution by Isaac Newton 


to science. This law explains how the 
moon and the planets are held in their 
path by exactly the same reasoning that 
explains why a ball drops at the Earth's 
surface. Newton's law of gravitation 
helped explain many interesting phenom- 
ena observed in the skies and later led 
to the predictions of the location of a 
new planet, Neptune. 


ARCHIBALD W, Henpry, Ph.D. 
Assistant Professor of Physics, 
Indiana University 


THE SPEED OF LIGHT | 


In ancient times, scientists considered 
the propagation of light to be instanta- 
neous—that light arrived at all points of 
space at the same instant it was emitted 
from a source. Their error is understand- 
able because the speed of light is enor- 
mously great and it is difficult to think 
of a simple experiment to prove their 
conviction wrong. 

As a comparison, the speed of sound is 
also great—about 0.3 km/sec (about 1,000 
ft/sec); however, many natural phenom- 
ena enable us to realize that its speed is 
finite. The ancients—as well as modern 
men—could observe the flash of lightning 
before they heard the thunderclap, and 
see the fall of a heavy object at some dis- 
tance before they heard its crash. 

Light, however, has a speed so great 
that it is difficult to realize that it, too, 
has a finite value. The dimensions of the 
largest laboratory are too small to de- 
termine that light is not propagated over 
an infinite distance in a finite period of 
time—unless great ingenuity or extremely 
sophisticated instruments are used. To 
the early scientists, even the dimensions 
of the Earth were insufficient to prove or 
disprove their theories. It is now known 
that light is propagated at a speed of 
about 300,000 km (about 186,000 mi) per 
second—seven times greater than the 
Earth’s circumference. The distance sound 
travels in one second is covered by light 
in one millionth of a second. Light trav- 
els from the moon to the Earth in little 
more than one second; it travels from a 
house lamp to the wall of the room in less 
than ten billionths of a second; it travels 
a distance equal to the diameter of a 
man’s thumb in a tenth of a billionth of a 
second—and today’s physicists with mod- 
em equipment can measure its speed 
over such a short distance with consider- 
able accuracy. 

Early experiments regarding the propa- 
gation of light were conducted for the 
sole purpose of demonstrating that it was 
not propagated instantaneously, but at a 
finite speed. Not until later were experi- 
ments conducted to determine the actual 
speed of propagation. 

Knowledge of the speed of light is of 
fundamental importance today and is 


largely used in practical ways. As an ex- 
ample, Roemer’s measurement of the di- 
ameter of the Earth’s orbit (explained in 
Illustration 2), using the speed of light, 
is one of the most accurate that can be 
obtained. The speed of light is basic to 


from the Earth to the moon in 
little more than a second 


the use of radar (radio detecting and 
ranging). All radar installations measure 
distances to objects by determining how 
long microwaves take to cover the dis- 
tance to and from the target (radio 
waves travel at the same rate as light). 


GALILEO’S ATTEMPT—The Italian astronomer 
and physicist Galileo devised an ingenious ex- 
periment for the purpose of determining 
whether the propagation of light was instan- 
taneous, or whether it occurred at a finite 
speed. This was the first attempt to measure 
the speed of light. Although Galileo's experi- 
ment did not solve the problem, it is an inter- 
esting example of the difficulties encountered 
in seventeenth-century technology. 

Galileo placed two cannons a few kilom- 
eters apart, on the slopes of two neighboring 
hills, Taking a position at a point equidistant 
from the two cannons, he was able to view 
both weapons simultaneously. The gunner on 
one cannon was ordered to fire first; the other 
gunner was directed to fire only when he saw 
the flash of the first cannon, Galileo recog- 
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nized that if the second gunner had infinitely 
fast reflexes—and light was propagated in- 
stantly—he would see the two cannons fire 
simultaneously. If the second gunner (under 
the same conditions) fired later than the first, 
Galileo would be able to notice the difference 
in time between the flashes and be able to 
estimate the speed of light. In practice, of 
course, the second gunner always fired after 
the first and it was obvious that his delay was 
caused by the time he needed to react. Gali- 
leo concluded that either the speed of light 
was truly infinite, or that it was too great to 
be measured by the methods available. He 
limited himself to stating that the speed of 
light must be many times that of the speed of 
sound. 


MEASUREMENT BY MEANS OF KERR CELLS 
—The experimental layout shown in this illus- 
tration is an example of how the principle 
employed by Fizeau and Foucault (Illustration 
3) is used with modern instruments. The light 
from source a passes through lens b, which 
turns it into a beam. The beam is directed to 
c'—a half-silver glass—and deflected to 
the left. It then passes through c, a tank filled 
with nitrobenzene. This liquid, by exploiting 
the properties of polarized light, permits or 
prevents the passage of light, according to 
whether or not the tank is surrounded by an 
electric field. If the light passes through, it 
continues to mirror d and returns by its orig- 
inal path to the tank с, When the light en- 
counters the tank on its return trip it will pass 
through it—if the electric field has not had 
Sufficient time to change polarity. (If the po- 
larity has changed, the light will not pass 
through.) The light, on passing through the 
tank, continues to the semitransparent mirror 
с”, passes through it to lens b’, and is concen- 
trated by the lens onto a sensitive photoelec- 
tric cell f. 

The tank c is called a Kerr cell, named after 
the Scottish physicist John Kerr, who discov- 
ered the property that enables nitrobenzene 
to be used as a shutter. The Kerr cell is sub- 
jected to a rapidly changing electric field by 
means of two metal plates g. These plates are 
connected to a ge or producing a high- 
frequency alternating current. The frequency 
can be varied unti! the photoelectric cell no 
longer perceives light arriving from mirror d. 
The time taken by the light to travel twice the 
distance between the photoelectric cell and 
mirror d is exactly the time needed by the 
electric field of the Kerr cell to invert its po- 
larity. Measuring this time and the distance 
between the photo: ric cell and the mirror 
gives the value of the speed of light. 


THE DE BENEDETT) 
—ln 1954, two Amer 
detti and Richings- 


RICHINGS EXPERIMENT 
n physicists—De Bene- 
termined the time that 
light needs to trave! as small a distance as 3 
cm. Their experiment did not use light at all; 
И was done with gamma rays. Gamma rays are 
radiations of the same type as light rays, but 
with a wavelength several thousand times 
Shorter than that of light. The method used 
by the two scientists is shown in the illustra- 
lion. In the center a is a source of positive 
electrons with a diameter of about 1 mm 
(about 0.04 in.). Positive electrons (positrons) 
are a form of antimatter. When positrons en- 
counter the negative electrons of ordinary 
matter b, the two particles spontaneously an- 
nihilate and turn into radiation, resulting in 
pairs of gamma rays that move off in opposite 
directions c and c'. At a short distance from 
the central source of positrons, the two scien- 
lists placed the apparatuses labeled d and d'; 
each of these was capable of emitting an elec- 
tric pulse when crossed by a gamma ray. 
With b equidistant from d and d', the gamma 
rays arrived simultaneously at the two detec- 
tors. If source a was displaced toward one of 
the two detectors (even if it was moved no 
more than 1.5 cm), the two pulses were gen- 
erated at an interval of 10-'° seconds. With 

the two distances between the detectors and 

the source differing by 3 cm, it is possible to 

deduce the speed of light as 3 x 10° km/sec 

—or 300,000 km/sec. The De Benedetti-Rich- 

ings experiment, although it produced a mea- 

Surement of the speed of light, was not in- 

tended to make an accurate measurement; 

rather, it served to demonstrate the possibility 

of measuring the extremely brief time interval 


that elapses as light travels a few centi- 
meters. 


THE PRINCIPLE ON WHICH MODERN MEA- equidistant from each other. The mirror E 
SUREMENTS ARE BASED—Before the be- reflects the beam of light, and it is converged 
ginning of the present century, the French again by lens C, into A. If the disk H is not 
Physicists Armand Fizeau and Léon Foucault in movement and has a hole aligned with slit 
managed to determine the speed of light, not A, the light will pass through and be collected 
by measuring the time it takes to cover а at F. 
great distance (such as the Earth's diameter), When the disk is rotated and its speed grad- 
but by measuring the time it takes to travel ually increased, the light from E will initially 
a few kilometers—or even a few meters within strike solid parts of the disk. As the speed is 
a laboratory. They based their experiments increased, conditions can be created where 
on a principle that has been used by other the light from E begins to find the next hole 
scientists of this century, using more modern aligned with slit A. The speed of the disk can 
equipment. The illustration shows the manner be measured; the number of holes in the disk 
in which the original experiment was con- are known, and the distance between A and 
ducted. Light emitted by projector P is re- E can be determined. With these factors 
flected by the semitransparent mirror b and known, the speed of the light ray can be 
the lens C, and is made to converge on slit calculated. The speed is given by the distance 
A. The rays of light are able to continue on the light travels during its two passages 
their way only if—after passing through A— through the disk (from A to E and return), di- 
8 they align with one of the holes cut into the vided by the time taken to travel this distance, 
circumference of the disk H. These holes are or v = 2AE/t. 


Refined knowledge of the speed of 
light now permits the most delicate mea- 
surements of distance. Geographical maps 


OLAUS ROEMER’S ASTRONOMICAL DETER- 
MINATION—Toward the end of the same cei 

tury in which Galileo performed his experiment 
on the speed of light (Illustration 1), the Dan- 
ish astronomer Olaus Roemer observed an 
astronomical phenomenon he could use to 
obtain a more accurate measurement. Galileo, 
in one of the early uses of the recently in- 
vented telescope, had discovered the moons 
of Jupiter (indicated as G in the illustration). 
Subsequent to this discovery, scientists had 
learned to calculate with great accuracy the 
duration of the eclipses of those moons as 
they revolved around the largest planet. These 


can be prepared using the same principle 
employed in radar, but over minute dis- 
tances. All these developments are the 


eclipses should have been observed at con- 
Stant intervals of 42 hours and 29 minutes 
each. Roemer, however, noticed that the inter- 
vals varied according to the Position the Earth 
occupied in its orbit at the time of observation. 
The intervals increased when the Earth was 
moving away from Jupiter; they diminished 
When it was moving toward Jupiter. Roemer 
reasoned that if light were propagated at a 
finite speed it would have to travel a greater 
distance when the Earth was moving away 
from the source, and a lesser distance when 
the Earth was moving toward the source. Jupi- 
ter revolves around the Sun, as does the Earth, 


product of centuries of sc 
devoted to understanding a 
the velocity of light. 


effort 
ssuring 


but the arc it describes during a complete 
revolution of the Earth in its own orbit could 
be considered as a fixed Position. The mea- 
surements made by Roemer enabled him to 
deduce the time it takes light to cross the 
diameter of the Earth’s orbit (ab in the illustra- 
tion), which was not known to any great de- 
gree of accuracy at the time; nevertheless, 
the approximate diameter of 300,000,000 km 
(about 186,000,000 mi) was sufficient for Roe- 
mer to establish that light waves traversing 
that distance—with a measured delay of about 
1,000 seconds—had to be traveling at a speed 
of 300,000 km (186,000 mi) per second. 


REFLECTION AND REFRACTION 


A telescope, a microscope, and a pair of 
binoculars are but a few of the instru- 
ments used to combine the laws of re- 
flection and refraction to extend human 
vision. The scope of the eye can be ex- 
panded a thousandfold by these seem- 
ingly simple optical devices. A thorough 
examination of each device would reveal 
only two types of light-bending optical 
parts. The reflective surfaces of mirrors 
cause an abrupt change in the direction 
of a light ray, while the partial bending 
at the surfaces of lenses and other re- 
fractive parts is more subtle. However, 
all optical instruments employ the same 
optical parts, which differ only in design 
and location within the instrument. 
The laws of reflection and refraction 
of light are fundamental to a study of 
optical instruments, and these laws repre- 
sent the foundation for the study of light 
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SOURCES OF LIGHT—Anything that can be 
seen can generally be defined as a source of 
light. The printed page, the electric lamp (11- 
lustration 1a), and the candle flame (lllustra- 
tion 1b) are all sources of light. A more rigor- 
ous definition would include all objects that 
emit any form of electromagnetic radiation. 
(Visible light is but a small portion of the elec- 
tromagnetic spectrum.) 

Although the printed page and the candle 
flame both qualify as sources of light, they 
differ considerably in the method by which 
they emit light. The printed page must be il- 
luminated by light of another source before 
a 


itself. A thorough knowledge of reflection 
allows the astronomer to design a curved 
mirror that can gather the light from a 
distant star for his examination. The 
lensmaker can draw on his knowledge of 
refraction to design lenses for micro- 
scopes, telescopes, or eyeglasses. The 
study of optical phenomena is no longer 
limited to visible light. Radar employs 
the laws of reflection to locate distant 
thunderstorms with radio waves in much 
the same way that an image is located 
in a plane mirror. Radar meteorology is 
the study of radar echoes received from 
natural reflecting sources in the atmo- 
sphere and the way the echo characteris- 
tics relate to the atmospheric processes 
influencing the reflecting mediums. Nat- 
ural reflecting sources include hydrome- 
teors, regions of perturbed refractive in- 
dex, and paths of lightning discharges. 


it can emit light of its own, and is, therefore, 
defined as a secondary source or a passive 
emitter. The candle flame, the electric lamp, 
and the sun are examples of primary light 
sources or active emitters. Active emitters of 
all types are considered luminous. Light is 
always emitted in the same way whether the 
source is active or passive. 

Other characteristics, such as color and in- 
tensity, are often quite important to the ob- 
server. Most observations of optical phenom- 
ena require quite intense, small light sources. 
Such an emitter is called a point source. 
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MOST SOURCES ARE NONDIRECTIONAL—A 
candle placed near a sheet of paper or in a 
box will illuminate equally in all directions. 
The light from the candle in the illustration 
cannot penetrate opaque objects, and an 
absence of light occurs at the base of the 
candle as well as outside the box. However, 
if the candle is held in a horizontal position, 
the light will fall uniformly on the bottom of 
the box, indicating that light does radiate 
equally in all directions. Further experimenta- 
tion would show that the light decreases in 
intensity in all directions as the distance from 
the source increases. The example of the 
candle can be expanded to include all ordi- 
nary sources of light. 

Because the laser is not an ordinary source 
of light, it is an exception to this rule. The 
laser is designed to emit light in only one 
direction. Laser light is produced by a highly 
controlled atomic mechanism and is emitted 
as a nearly cylindrical pencil of light. 
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LIGHT BEAMS AND RAYS—A beam of light 
is generated by enclosing the source and 
allowing the light to pass through a small 
opening in one direction. Because it is not an 
emitter, the beam cannot be seen. An object 
placed in the beam of light will interrupt the 
beam and become visible as a secondary 


BEAMS OF LIGHT CROSS WITHOUT INTER- 
ACTING—Experiments carried out in the lab- 
oratory, on the surface of the Earth, or even 
оп an astronomical scale indicate that light 
is propagated in straight lines. The endless ap- 
plications of this phenomenon include survey- 
ing, building construction, astronomy, and, fun- 
damental to all, vision. The eye is capable of 
reconstructing images only because light trav- 
els in straight lines. Scientists use the term 
rectilinear propagation to describe the straight- 
line nature of light. Only the most complex 
experiments would show any deviation of light 
from its path. 

The illustration shows two beams of light 
crossing in a smoke-filled box. It can be seen 
that the two beams of light pass through each 
other without any interaction. This property of 


o a 
р 
emitter. The screen in Illustration 3b indicates and is represented by one of 
the presence of the beam. A beam of light may tration За. All rays of light tro 
be considered a bundle of Straight lines radiat- intersect at the source. The 
ing from the source. (These straight lines are ment that represents a ray 
used to explain light and are not a property of аз the axis of a small eylindr 


the light itself.) Experiments Involving optical 
The ray of light is an extremely small beam scribe light as a ray. 


in Illus- 
! source 
line seg- 
ascribed 
of light. 
ena de- 


REFLECTION—A ray of light continues as a 
Straight line from the source toward infinity 
unless it is stopped or deviated by an obstacle. 
On striking an obstacle, the ray may be totally 
absorbed and hence terminated, or it may 
be reflected. Most practical examples indicate 
that some light is reflected and some is ab- 
Sorbed. The nature of the obstacle determines 
the type of reflection. Diffuse reflection or 
Scattering of the light occurs when light strikes 
an irregular surface such as a sheet of paper. 
Specular reflection occurs at smooth and reg- 
ular surfaces. The mirror in the illustration 
Produces specular reflection. The ray of light 
continues in a straight line with only its direc- 
tion changed. Any surface that is capable of 
causing a specular reflection is defined as a 
Specular surface, 

The incident ray (incoming) and the reflected 
Tay (emerging) always form angles with the 
normal to the surface. A line perpendicular to 
the surface at the point of reflection is defined 
as the normal line. It should also be noted 
that the incident ray, the reflected ray, and the 
normal line always lie in the same plane. 


light is as important as rectilinear Propaga- 
tion. If light beams or rays could interfere with 
each other, vision would be impossible; only 
point sources of light in completely dark 
rooms could be seen, and even then only if no 
other objects were present to reflect the light. 
In this example the two Sources of light are 
completely incoherent and are uncorrelated 
with one another. However, in the case where 
light beams are coherent, interference between 
them takes place. An example of interference 
can be seen when a point source of light (or a 
line source) is placed behind an opaque sheet 
with two parallel slits cut in it. The two light 
beams emerging from the sheet will interfere 
with each other; the interference exhibits itself 
in alternating regions of light and darkness, 
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THE DIFFUSION OF LIGHT | 
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AN ANALOGY—This illustration attempts to 
show how waves behave when they encounter 
an obstacle. Two extreme cases are consid- 
ered, In the first case (top illustration), a wave 
of considerable proportions (height or ampli- 
tude and wavelength) encounters a pole im- 
mersed in the water; the wave simply moves 
Past the obstacle on both sides, and only a 
small part of the wave is reflected by the pole. 
Careful observation of this phenomenon re- 
veals a small circular wave spreading out from 


the obstacle. In the second case (bottom il- 
lustration), a much smaller wave strikes the 
pole, and almost all of the wave is reflected. 
The disturbance is propagated away from the 
obstacle for a considerable distance. This 
phenomenon is somewhat analogous to that 
occurring when light waves strike an obstacle 
—a grain of dust, for example, or a droplet 
of water in a cloud or fogbank—an obstacle 
whose dimensions are approximately equal to 
the wavelength of the radiation. 


the phenomenon 
of scattering 


Countless persons have stood o. the sea: 
shore and watched the waves i ittering 
various obstacles—rocks, poles зай the 
shore itself. These observers hi noticed 
how the obstacles at times stop te waves. 
and at other times reflect ther drive. 
them back. The behavior of ov. waves 
is somewhat analogous to thi: -f light 
waves. When light waves епс wer ob- 
stacles, they too may be ab: ed, re- 


flected, or diffused (scattered 
This article explains how lir! 
become diffused when they п 
cles. An understanding of ligh 
permits the interpretation of t 
nomena, some of which are di: 


waves 
obsta- 
iffusion. 
у рһе- 
ussed in | 


this article. Moreover, an ип: tanding | 
of diffusion is basic to certain »physi- 
cal measurements and leads 19 many 


practical applications. 

The diffusion of sunlight а 
the blue appearance of the si 
reddish appearance of the su: 
The light from most distant s! 
red because it is diffused b 
particles distributed throug!: 
On a radar screen, hail may ! 
falling from a storm cloud, a1 
servation is made possible b 
nomenon of light diffusion. F 
phenomenon permits microsc: 
vation of particles that are tc 
be seen otherwise. 

The study of light diffusion i; quite 
complex and calls for the use of difficult 
mathematical theories. This article, how- 
ever, is limited to a study of the funda- 
mental principles of diffusion. Its goal is 
to provide the reader with an intuitive 
understanding of phenomena for which 
physicists have constructed complicated 
scientific explanations. 

The goal may best be achieved through 
the use of an analogy—that suggested in 
the first paragraph of this article-com- 
paring the behavior of light waves strik- 
ing a grain of dust or a drop of water 
and the behavior of ocean waves break- 
ing against a rock or pole or some other 
obstacle. In general, caution must be ex- 
ercised in comparing phenomena of elec- 
tricity or light with mechanical phenom- 
ena. However, in this case, no errors will 
be committed if the analogy is used to 
interpret particular groups of phenomena 
rather than to explain the nature of light. 


ints for | 
ind the 
sunset. 
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WHY THE SKY IS BLUE—The blue color of 
the sky (Illustration За) results from the dif- 
fusion or scattering of sunlight by the mole- 
cules comprising the Earth’s atmosphere. Each 
of these molecules constitutes a diffusion cen- 
ter similar to the one shown schematically in 
Illustration 2; many molecules together diffuse 
the radiation in such a way that it is perceived 
as very intense light. 

Illustration 3b is a schematic representation 
a 


molecular dipole M 
in oscillation 
horizontally 


diffused 
polarized light 


incident 
white light 


vertically 
diffused 
polarized light 


DIFFUSION BY MOLECULES—Light-diffusion tion depends on the wavelengths of the light 
phenomena can be analyzed in different ways rays striking it; more precisely, light having 
according to the dimensions of the particles short wavelengths is diffused more extensively 
causing them. The smallest diffusing particles than light having long wavelengths. 

are the molecules of a gas. The English physi- Lord Rayleigh also established the exact 
cist Lord Rayleigh was the first to Study gas laws that govern the diffusion of various radia- 
molecules from this point of view. He ap- tions and found that diffusion is inversely pro- 
proached the problem by observing that the portional to the fourth power of the wavelength. 
positive and negative charges contained in a For example, red light has a wavelength of 
molecule become displaced when a light wave about 8,000 A, and violet light has a wave- 
passes and that they begin to vibrate in unison length of about 4,000 A; the ratio between 
with the wave; this vibration results in the these two wavelengths is 2. The violet light is 
emission of light. Although the light that pro- diffused more than the red and its diffusion is 
duces the vibration is propagated in one par- proportionally greater, to the fourth power of 
ticular direction, however, the light emitted this ratio—that is to say, the violet light is 
by the molecule is radiated more or less in all diffused 24 or 16 times more than the red light. 
directions. Lord Rayleigh's studies showed that То put this another way, the red light is dif- 
the extent to which a molecule diffuses radia- fused only 1/16 as much as the violet light. 


of the paths followed by light rays from the 
sun as they pass through the atmosphere. The 
solar rays strike molecules in their path and 
become partly diffused; therefore, they follow 
zigzag paths before they reach the eyes. Light 
from the sun is white light; that is, it con- 
sists of radiation of all the wavelengths com- 
prising the visible portion of the electromag- 
netic spectrum. All these light waves become 
diffused when they strike molecules, but not 
all are diffused to the same extent. Rays 
of violet light are diffused the most, and rays 
of blue light are diffused only slightly less than 
violet rays. Rays of green light are diffused still 
less, and so forth, down to the rays of red 
light, which are diffused the least. Quantita- 
tively, then, the violet and blue rays are scat- 
tered much more than the rays of the other 
colors. Violet light is not perceived well by the 
human eye; therefore, to the observer on 
Earth, blue is the predominant color of the sky. 


bright sun entirely « 
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a black (o 
colorless) sky. In t! ; the astro 
Spectacle that p naut is facing the su 
in outer space 


THEORY OF LIGHT DIFFUSION—Some 
is caused by particles of matter 
whose dimensions are comparable to the wave- 
lengths of the incident light. (These particles 
are much larger than the individual molecules 
that produce light diffusion in the atmosphere.) 
This type of diffusion can be caused, for ex- 
ample, by the particles of colloids in solution, 
by small, solid particles suspended in rivers, 
by the dust that fills interstellar space, or by 
the minute droplets of water that form a cloud 
or fogbank. 

The manner in which the particles of a ma- 
terial diffuse the light striking them was studied 
in 1808 by the German chemist Gustav Mie. 
These complex studies are of fundamental im- 
Portance because they serve as the basis for 
interpreting a great many phenomena. The 
complexity of Mie’s studies notwithstanding, 
his results are quite easy to understand be- 
cause they display a certain analogy with the 
behavior of waves in water. These illustrations 
demonstrate how the size of particles influ- 


ences the diffusion of light. 

Illustration 6a represents the diffusion of 
green light by gold particles having dimen- 
sions that are much smaller than the wave- 
length of this light—say 10 to 100 times smaller. 
In this case, about half the diffusion takes 
place in the direction in which the light is 
moving, and the other half is diffused back- 
ward; scattering is observed in these two prin- 
cipal directions. 

Illustration 6b represents the diffusion of 
light by particles whose dimensions are com- 
parable to the wavelength of the light—or even 
slightly greater. In this case, a large part of 
the light is diffused in the direction of the 
incident light ray. 

Illustration 6c represents diffusion by even 
larger particles and shows that an even larger 
part of the light is diffused in the direction of 
the incident light ray. Mie’s studies showed 
that, as the diameter of the particles increases, 
an increasingly large part of the light is dif- 
fused in the direction of the incident light ray; 


TWILIGHT—In accordance with Lord Rayleigh's 
laws, diffusion is also the cause of twilight 
(Illustration 5a). The diagram (Illustration 5b) 
shows why this is so. Rays of light from the 
sun a cannot reach the observer b directly 
because the sun is already below the horizon 
but they do reach his eyes because they strike 
the molecules in the atmosphere above him 
and scatter. 


this is known as the Mie effect. 

The phenomenon of diffusion is compli- 
cated by other factors besides the wavelength 
of the radiation and the dimensions of the in- 
tervening particles. It depends on the polariza- 
tion of the light and on the conducting or 
insulating properties of the material of the par- 
ticle. Many interesting phenomena can be pre- 
dicted by means of this theory of diffusion. 
For example, the color that some colloidal 
particles assume in a solution can be predicted 
if their characteristics as electric conductors 
are known. 

For quite a long period in 1950, the sun and 
the moon, when observed from many parts of 
the Northern Hemisphere, appeared to be light 
blue rather than their usual white. A detailed 
study of the light from these two bodies even- 
tually enabled scientists to establish that the 
change of color was the result of a diffusion 
phenomenon caused by the smoke from a huge 
forest fire that had occurred some time pre- 
viously in the province of Alberta, in Canada. 
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PHENOMENA OF 
LIGHT DIFFUSION 


The diffusion of light rays when they 
strike small particles (so small that they 


are comparable to the wavelength of life. It is interesting to be able to inter- 


THE COUNTRYSIDE SEEN THROUGH A 
MIST—Mist prevents an observer from seeing 
distant objects with clarity. It may even hide 
them completely. This illustration shows how 
nearby objects may be sharply defined, with 
clearly distinguished colors, while objects in 
the background are much less distinct—their 
outlines can be perceived, but their colors 
merge into a uniform bluish gray. This is be- 
cause of the diffusion of the light rays by 
minute particles of dust and water in the at- 
mosphere; the water particles are similar to 
those of fog, but smaller. Rays coming from 
the distant objects have to pass through more 
layers of atmosphere. As a result, they en- 
counter a larger number of particles that dis- 
turb their propagation and cause them to dif- 
fuse before they reach the observer. The effect 
produced by mist is thus much the same as 
that produced by ground glass: all the light 
manages to pass through it, but in so doing, it 
undergoes a very substantial dispersion. The 
distant countryside appears as a uniform 
background image—a direct result of the 
progressive mixing of the light rays reflected 
by distant objects. 
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DIFFUSION BY ATMOSPHERIC DUST—Atmo- 
spheric dust can be detected by observing 
its effect on rays of sunlight. In this illustration 
the clouds eliminate the dazzle that is normally 
Caused by the sun. Here, the rays of sunlight 
that break through the cloud illuminate parti- 
cles of atmospheric dust, causing part of the 
light to become diffused. This diffusion phe- 


obstacles in the 
path of a light ray 


light) is a phenomenon familiar to every- 
one and readily observed in everyday what causes all the 


pret this phenomenon understand 


el hat can be 


observed. 


nomenon is the Tyndall effect, named for the 
English scientist John Tyndall, who was one 
of the first to investigate the scattering of light. 
by fine particles suspended in the air. Tyndall 
made his initial observations with a glass tank 
filled with a colloid; the illustration shows the 
same effect observed in the atmosphere. 


yellow, 

and red colors of the sky at sunset are 

ed by the theory of Rayleigh scattering 
scattering is inversely proportional to the 

h power of the wavelength, as pointed out 
the English mathematician Lord Rayleigh). 
us, the violet and blue rays of the sun's 
light are strongly diffused, while the red, 
ige, and yellow rays pass practically un- 


LLOW HEADLIGHTS FOR USE IN FOG— 
low headlights are more practicable than 
ones for driving in the fog. The driver, 
wdiess of whether he is driving at night 
ihrough fog, seeks to illuminate the sides 
road and obstacles in his way. In per- 

!ly clear air, headlights of any color, espe- 

lly white ones, illuminate all obstacles 
isarly and in detail. 

Fog diffuses the beam of light from the 
headlights, creating a kind of luminous bar- 
ier In front of the car. The road is illuminated 
ary by the light coming directly from the 
headlights and partly by light rays diffused by 
the fog particles. The light reflected by the 

| objects, in turn, has to pass through the fog 
bank before it can reach the driver's eyes: this 
weakens visibility still further. 

The poor visibility a driver experiences in 
log is due to light diffusion, which decreases 
as the wavelength of light increases. The yel- 
low, red, and green components of a beam of 
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countered along the light's path. At sea level, 
as shown in Illustration 3a, this phenomenon is 
very intense. Certain kinds of dust can in- 
crease the intensity of red. A sunset photo- 
graphed at the edge of the Sahara Desert (II- 
lustration 3b) appears particularly red due to 
sand particles suspended in the air and car- 
ried along by desert winds. 


disturbed, or at most, are only slightly dif- 
fused. At sunset, the light rays travel long 
distances in the lower layers of the atmo- 
sphere, layers that are richest in particles of 
dust or water. 

Particles diffuse blue and violet rays, and 
the light, having little of these two colors, ap- 
pears yellow or orange. The intensity of red 
coloring depends on how much dust is en- 


white light do not diffuse greatly, but the blue 
and violet components are greatly diffused. If 
the road is illuminated with a beam of light 
that has passed through a yellow filter, the 
components most readily diffused are elim- 
inated (blue and violet). Clear visibility is the 
result because the barrier effect in front of the 
driver's eyes is reduced to a minimum. Obvi- 
ously, only the yellow lights must be used; in 
fact, if white lights are kept on at the same 
time, poor visibility is not eliminated. 

Why aren't orange or red lights used, since 
they have even greater wavelengths than yel- 
low? There is less diffusion with these colors; 
however, the eye is less sensitive to red than 
yellow. Also, there is a danger of confusing 
red headlights with other lights used as traffic 
signals. 

Today, sodium vapor lamps (which give off 
a yellow light) are commonly used to illu- 
minate junctions that are often subject to fog. 


WEATHER RADAR—A radar set emits a beam 
of microwaves. When the microwaves strike 
a metallic obstacle or—more precisely—any 
conductor of electricity, they are reflected 
back and picked up by the same apparatus 
that previously emitted them. Microwaves have 
the advantage over ordinary light in that they 
can pass through clouds or banks of mist or 
fog. Even a microwave beam becomes some- 
what attenuated, however, when it passes 
through thick layers of atmosphere in clouds 
or fog. This is because water droplets cause a 
certain amount of diffusion of the microwaves. 
It is critical to know the effect of these diffus- 
ing elements in order to interpret correctly 
the return signals received by the radar in- 
strument. Moreover, if wavelengths of less 
than 3 cm are used, certain kinds of mete- 
orological formations can alter the propaga- 
tion of the waves. Extremely dense clouds, 
particularly clouds in which hail or snow is 
forming, diffuse a large percentage of the inci- 
dent microwaves. This fact is the basis for 
investigating weather conditions that are dan- 
gerous for air navigation. A weather radar 
- instrument is installed in the nose of aircraft 
to give advance warning of snow or ice forma- 
tions in front of the aircraft. 
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DIFFUSION OF THE LIGHT OF THE 
STARS—Merope, a star in the Pleiades, 
is surrounded by dust that assumes a 
highly luminous appearance due to the 
diffusion of the light Passing through it. 
Analysis of the light diffused by the dust 
will provide information about the na- 
ture of this dust. 

First, the difference in color between 
the light emitted by the star and that 
diffused through the dust indicates the 
dimensions of the particles of the dust 
(which in this case are of the order of 
magnitude of a few ten thousandths of 
a millimeter). Furthermore, light diffused 
by these particles is often polarized, 
that is, the electric and magnetic vectors 
vibrate in a particular plane. This phe- 
nomenon indicates that the dust con- 
sists of elongated grains of magnetic 
material (like that of meteorites, iron and 
nickel) and that there are magnetic fields. 
in space that align these dust grains. 
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LIGHT ABSORPTION | "we 


nysterious dark world exists in the water to the ocean floor? into the causes of the absorption of light 
in depths, A deep-sea diver can dis- The answer is that some of the sun's by the water, or by the impurities con- 
uish little in the nocturnal darkness. light is absorbed by the water. An optical tained in water. 

if the same diver swims near the law governs the amount by which the At first glance, research into such a 


of the ocean, he is able to see — sun's light is diminished the deeper it subject might appear to be mere idle 

Here the sunlight penetrates the reaches into the sea. This law can easily curiosity. Why would anyone be con- 
ind illuminates his surroundings. be demonstrated when certain optical cerned over the fact that the ocean's floor 
water is clear at all depths, then properties of water are known, and it is dark? The same law that governs the 
loes sunlight not penetrate the сап be appreciated without going deeply diminishing intensity of light as it pene- 
trates a transparent body has many ap- 
plications in physics and technology. AII 


AND TRANSPARENT BODIES—No side. Before emerging from the lower surface 
are perfectly transparent. All bodies of the water, the light beam is divided again. 
at least some of the light that passes Some of it is reflected back into the water, 
them. On the basis of their thickness while the remainder continues on its way into 
relative amount of light they absorb, the surrounding air. In general, a beam of light 
are classified as transparent, translu- | that traverses a transparent body is divided 
opaque. into three parts. 
liustration shows what happens to a One of the parts R is reflected, another of 
light when it strikes a transparent the parts T is transmitted, and the third part 
he degree of transparency does not A is absorbed and becomes invisible. The 
The beam, coming from a lamp and intensity of radiation T that emerges from the 
d by the aperture D, enters the trans- — absorbing layer, plus the intensity R reflected 
)оду—іп this instance, colored water. Бу the interfaces, plus the amount of light 
ters, some of the light in the beam absorbed A, equals the intensity of the incident 
>d by the upper surface of the water, radiation l; or symbolically 1 = T + R + A. 
remainder penetrates it. A part of This important law merely states that the 
1 of this penetrating beam is absorbed. luminous energy of the incident beam is di- 
r of water here is not very deep, and  vided into three parts, and that the sum of 
on of the light that is not absorbed these parts is equal to the energy of the initial 
5 the water until it strikes the opposite incident radiation. 


ABSORBED RADIATION—Many branches of 
physics and chemistry are concerned with the 
radiation absorbed by transparent substances. 
Certain substances, for example, undergo 
chemical reactions through the effect of light. 
The point to which the reaction has proceeded 
and the amount of the substance that has 
reacted are directly proportional to the amount 
of light that has been absorbed and not to the 
amount that has passed through the substance. 
Even simpler effects, such as the heating of 
a substance by radiation, depend on the 
amount of radiation absorbed. 

The illustration shows two sheets of glass of 
the same size. One is transparent and the 
other is darkened. Both are exposed to the 
sun for the same length of time. Each receives 
the same amount of luminous energy on its 
surface, yet the dark sheet of glass will be- 
come hotter than the more transparent one. 
This difference in temperature can be empha- 
sized by smearing a little paraffin diluted with 
paraffin oil on each sheet. The paraffin lique- 
fies easily on the dark sheet of glass but re- 
mains solid on the clear one, showing that the 
amount of light absorbed by the transparent 
glass is less than the amount of light absorbed 
by the opaque glass. 
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ABSORPTION BY A THIN PLATE—This illus- 
tration shows a thin plate struck by a luminous 
beam of known intensity. Neglecting the 
amount of light lost through reflection at the 
surface as the beam enters the plate, the 
amount of light absorbed has the following 
characteristics: 


1. It is proportional to the amount of light 
striking the plate. 

2. It is proportional to the thickness of the 
plate (a thin plate will absorb less light 
than a thick one). 

3. It also depends on the material of which 
the plate is made. 


These relationships can be represented by 
a single formula: —A/ = c X lAx, in which / 
represents the intensity of the light striking 


—— 


chemical analyses performed with spec- 
trophotometers and colorimeters depend 
on this law of absorption; the law also ap- 
plies to the absorption of other radiations, 
such as x-rays and gamma rays. These ra- 
diations, like light, are electromagnetic 
waves, although they have much shorter 
wavelengths. An engineer calculating the 
thickness of lead or concrete required to 
shield workers from radiation in a nu- 
clear plant makes use of the law of light 
absorption. 


TRANSMISSION AND 
OPTICAL DENSITY 


The intensity of the light transmitted by 
an absorbing medium is measured by 
instruments known as photometers. A 
photometer produces an electric current 
when exposed to the light from any 
source. The strength of this electric cur- 
rent is proportional to the intensity of the 
light. If a translucent body is placed be- 
tween the source of light and the instru- 
ment, the decreased current produced by 
the photometer will be in proportion to 


of 2. The glass that lets only a thousandth 
of the light through has an optical den. 
sity of З. These numbers—l, 2, and 3 
are the exponents of the number 10 or 
the power to which the number ten must 


ABSORPTION BY THICKER BODIES—The for: 
mula discussed under Illustration 3 cannot bi 
used directly to compute the amount of light 
absorbed r example, by the deep sea а 


is quite thick, and the light is absorbed in 


gradual manner 
The problem can be solved by dividing the 
entire depth of water traversed by the light 


into a large number of thin layers adjacent to 
each other and equal in thickness. In moving 
through each one of these layers, the light is 
absorbed according to the formula given un- 
der the preceding illustration. Each layer abs 
sorbs a certain pe 
that passes through 
depends on the optical characteristics of the 
material; that is, its coefficient of absorption 
and the thickness of the layer. The layers of 
seawater are equal in thickness and all have 
the same coefficient of absorption. Thus, each 
diminishes the light striking it by the same? 
amount, say 5 percent. It is, therefore, possible 
to draw a graph of the intensity of light found 
at different depths. If each layer absorbs 
percent of the light, then 95 percent of the) 
light passes through it. Therefore, only 95 per 
cent of the ount of light striking the first 
the second. The second layer, 
95 percent of the light to pass 
through it. 7 only about 90 percent of the: 
light that strikes the surface of the sea will 
pass through the second layer. The light 
emerging from the third layer will be reduced 
to 95 perce: 90 percent, that is, to 85.7 
percent, and forth. After passing through 
20 strata, the light will have been reduced to 
0.9520 = 0.36, or about 36 percent. 

The illustration represents a body of water 
traversed by light. The accompanying graph’ 
shows that the light is reduced according 10 
an exponential law. By definition, an exponens 
tial law is one that expresses a change of the 
same percentage on each successive occ 
sion. Another example of an exponential law 
is the process of radioactive decay. 

The formula that summarizes the individu 
effects of all of the many thin layers and СО! 
rectly expresses the absorption of light 
gardless of the thickness of the absorbing) 
layer is: /, = /;e-**, where lo is the intensity 
of light striking the surface of the absorbi 
layer, and /, the intensity of the emergi 
light. e is a mathematical constant equal fo 
about 2.72, c is the absorption coefficient O 
the absorbing medium (in this case, seawater); 
and x is the total thickness of the layer (ifl 
this case, the depth of the sea). This formul 
can be used to calculate the absorption. 
light by any thickness of any medium, prí 
vided the thickness and the absorption 
efficient are known. 


the absorbing plate, and — A/ the decrease in 
intensity due to the amount of light absorbed 
by the thin plate, the thickness of which is 
symbolized by Ax. c is a constant for any 
given material of which the light-absorbing 
plate may be composed; it is known as the 
coefficient of absorption and characterizes the 
capacity of the material for absorbing light. 
If the thickness of the absorbing plate, the 
intensity of the incident light, and the opticel 
characteristics of the material—that is, its 
coefficient of absorption—are known, it is 
possible to predict the amount of absorption 
that will take place. As it stands, this formula 
is valid only for extremely thin layers of ma- 
terial. A more complex formula is required 
when the thickness of the layer is appreciable. 


the amount of light getting through. The 
ratio of the amount of light transmitted 
to the amount of light that strikes the sur- 
face of the absorbing body is known as 
the transmission of the body. Because the 
amount of light emerging from the body 
is always less than the amount of light 
striking it, the transmission will always 
be a number smaller than 1. It can also 
be expressed as a percentage, by multi- 
plying the number by 100. The lenses of 
a pair of dark glasses, for example, allow 
only a quarter of the light that strikes 
them to pass through. Their transmission 
is, therefore, 0.25 or 25 percent. 

Another way of expressing a body's 
transmission is through its optical den- 
sity, which is defined as the logarithm of 
the inverse of its transmission. For exam- 
ple, consider a sheet of opaque glass that 
transmits only 10 percent of the light that 
strikes it. This glass has a transmission 
of 0.1. The optical density, or opacity, of 
this sheet of glass is therefore 1. Another 
sheet of glass, transmitting only 1 percent 
—that is, reducing the light that strikes it 
one hundred times—has an optical density 


raised to obtain 10, 100, and 1,000. 

The optical density of a body is a more 
ful concept than the transmission. 
ıen an opaque substance is dissolved 
water, the optical density of the solu- 


tion is proportional to the concentration 
of the substance dissolved. The optical 
density is used in chemical analyses ‘to 
determine the amount of solute іп a given 
solution. Chemical laboratories determine 


the concentration of many substances in 
solution by means of a spectrophotome- 
ter, an instrument that measures the op- 
tical density of the solution with refer- 
ence to a beam of monochromatic light. 
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LCT INTERFERENCE | light does not alw 


A student who takes up the study of 
light is introduced first to geometrical 
optics. Armed with the knowledge that 
light travels in straight lines, he carries 
out experiments in which shadows are 
observed to have clear outlines and rays 
move in a straight line. He measures the 
angles at which light is reflected when 
it meets a mirror or the surface separat- 
ing two bodies with different powers of 
refraction, 

Geometrical optics is so named be- 
cause it interprets the behavior of light 
rays as geometrical phenomena. The 
geometrical theory is adequate for solv- 
ing a number of practical and theoretical 
problems; it is used in calculations con- 
cerning lenses and prisms, for example. 
Geometrical optics tells only part of the 
story, however; it neglects the extremely 
important fact that, by nature, light 
travels in waves. 

The wave theory of light is known as 
physical optics to distinguish it from geo- 
metrical optics, and because it is con- 
cerned with the physical nature of light 
itself. The wave theory of light is impor- 
tant beyond the field of optics and is 
applied to radio waves, the design of 
antennas, of radio telescopes, and of a 
large number of extremely sophisticated 
optical instruments. Because physical 
optics provides the basis for an under- 
standing of atoms and the motion of sub- 
atomic particles, it has led to the funda- 
mental concepts of quantum mechanics 
—the theory that explains the behavior 


A COMPARISON WITH MECHANICS—Light 
interference is similar to the interaction of 
waves in a stormy sea. When the wind agitates 
the water, a wave system is formed with the 
waves running in the same direction as the 
wind. When the wind changes, a second wave 
system is formed with the waves running in a 


of atomic systems that do not obey the 
laws of classical mechanics. 


SOME COMPARISONS 
WITH MECHANICS 


The great developments in mathematics 
at the end of the eighteenth and the be- 
ginning of the nineteenth centuries led 
to the development of extremely accu- 
rate theories for the prediction of me- 
chanical phenomena. The movements of 
the stars and planets were worked out. 
The motions of the waves on the sea's 
surface were studied. Theories to predict 
the motion of a pendulum attached to 
another pendulum were devised, as well 
as theories concerning the behavior of 
two colliding billiard balls. 

This great faith in classical mechanics 
stimulated scientists to work out the 
mathematical behavior patterns of many 
physical phenomena. However, classical 
theory proved to have a number of limi- 
tations when applied to certain phenom- 
ena. Still, some of the methods of classi- 
cal mechanics are useful in helping to 
explain the movement of light waves and 
in understanding the nature of light in- 
terference. 

The ancient Romans, who were fairly 
accomplished navigators, had observed 
that during a storm at sea not all the 
waves are of equal height—particularly 
when the wind has changed direction 
more than once, It was, thought the 
Romans, not sufficient to design a ship 
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THE INTENSITY OF LIGHT—The intensity of 
light can be interpreted according to the wave 
theory of light. Light intensity depends on the 
strength of the light vibrations and is propor- 
tional to their square. 

A light ray is an electromagnetic vibration 
that is propagated in space like the sinusoidal 
wave shown in the illustration. At the left, the 
central part of a screen is illuminated simul- 
taneously by two light sources. The two sinus- 
oidal vibrations, in phase as they meet the 
screen, are added together and produce a 
stronger light than one light source could 
produce. Two vibrations are said to be in 
phase when they are moving so that crest cor- 
responds to crest and trough to trough. At the 
right, two waves have become united to form 
a single hypothetical vibration having an am- 
plitude double that of the original waves. This 
phenomenon is known as constructive inter- 
ference: constructive because the sum of the 
two produces a more intense light, and inter- 
ference because the two waves have united 
to form a single wave. 


PROVING THE EXISTENCE OF INTERFER- 
ENCE—lllustration 2 showed how the sum of 
two light waves can be interpreted on the 
basis of the wave theory of light. Similarly, 
two light waves diminish in intensity if they 
meet out of phase. This experiment demon- 
strates the phenomenon of interference. It is 
carried out with two narrow, parallel openings 
illuminated by a single source (an electric 
light bulb) a set distance away. Each open- 
ing, therefore, becomes a light source; each 
emits light waves in phase with those emitted 


by the light bulb. Thus, the waves emerging 
from each opening are in phase with each 
other and can be represented by sinusoidal 
curves with their crests aligned. 

The screen S, placed at a given distance D, 
is illuminated not uniformly but in bands. The 
illustration suggests а simple explanation for 
this. phenomenon: the two openings, sepa- 
rated by a distance d, are struck by a single 
wave front and thus emit radiations that are 
in phase. However, the two openings are not 
at the same distance from every point of the 


screen. They are equidistant from the center 
C, but at a point a little above or below C, one 
is more distant than the other. At the position 
N, the difference between their distances cor- 
responds to exactly half a light wavelength. At 
this point, the waves meet crest to trough 
and destructive interference results, producing 
darkness. At C' the difference in their distance 
has been increased to a whole wavelength; 
the light waves are again in phase and the 
result is a bright band of light. 
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AN IMPORTANT APPLICATION OF INTER- 
FERENCE—Light interference occurs in many 
different ways; it can occur every time two 
light waves have vibrations of the same wave- 
length but are out of phase by a whole number 
of half wavelengths. 

One way to obtain interference of light waves 
is shown in Illustration 4a. Two plates of glass 
have been placed at a very small angle to each 
other. If a beam of light is directed from above 
and only the two facing surfaces of the glass 
plates are considered, the light is reflected 
twice, once by each plate. The light reflected 
by the surface of the upper plate returns 
sooner than that reflected by the surface of the 
lower, because the light reflected by the lower 
plate must span the whole distance separat- 
ing the two plates twice (once as it arrives and 
again as it returns). The delay is variable, how- 
ever, because the two plates are at an angle 
to each other and the distance between them 
is not the same at all points. The result is 
dark and light areas, consisting of bands 
parallel to the edges of the two plates—areas 
that are adjacent and in which constructive 
and destructive interference take place alter- 
nately. 

If spherical surfaces are placed in contact, 
the same effect results, provided that the 
radii of their curvature are Slightly different. 
In this case, the areas in which interference 
takes place are circular instead of rectilinear 
and are known as Newton's rings. The famous 
English scientist did not believe in the wave 
theory of light but gave a different interpre- 
tation of it. Illustration 4b shows Newton's 
b 
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rings (or fringes) created in the space be- 
tween a flat and a concave surface when the 
Surfaces are placed together. If the two sur- 
faces were respectively convex and flat, they 
would produce perfectly circular rings. 

To produce distortion of the rings, the two 
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Surfaces in contact need differ from the ideal 
form by only a small fraction of a light wave- 
length. In this way, it is possible to show de- 
viations from the ideal flat or spherical form 
of as little as 0.00001 mm (about 0.0000004 in.). 
For example, the distortions of the two sur- 


faces placed in contact to obtain interference 
in the illustration are no greater than 0.001 mm 
(about 0.00004 in.). This method of checking 
accuracy is used to test the spherical prop- 
erties of lenses to be placed in optical in- 
struments. 


it is commonly assumed, travels 
traight line—but in actual fact it 
behaves very differently. 
van, in fact, turn corners without 
ering any obstruction in its path, 
; phenomenon is caused by dif- 
1, which demonstrates that light 
in waves. 

waves are different in nature 
wes that are observed in a body 
er. Light waves are electromag- 
vater waves are mechanical. How- 
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"FRACTION OF A WATER WAVE—A 
aced in the deep water of a basin, is 
on by a wave. Where the dike stands 
зу, the wave of course is blocked, but 
the end of the dike it continues to 
stead of proceeding in a stralght line 
зе dots), the wave fans out, reaching 
t of the basin protected by the dike. 

of the basin might be expected to be 
it the wave coming into it creates a 
ınce that behaves exactly like a new 
rom it, waves radiate in all directions. 
the form of surface waves in water, 
| waves extends to cover any vibratory 
opagated through a medium. Diffrac- 
light happens in a similar way, al- 
‘he phenomenon is more complicated. 


ever, waves on the surface of water can 
be used to illustrate the behavior of light 
waves and diffraction, according to 
Huygens' principle. Simply stated, Huy- 
gens’ principle says that the front of 
each wave is a source of propagation for 
new waves. 

All fields of physics make use of the 
principle of diffraction. The methods 
used, for example, in the x-ray study of 
the structure of matter are based on the 
principles of diffraction and interference; 
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THE DIFFRACTION OF LIGHT—In Illustration 
1, waves on the surface of water were breaking 
against a dike that was interrupted laterally. 
In Illustration 2a, light waves are obstructed 
by an opaque screen that is interrupted 
laterally. A point of light is placed at a 
distance of 1-2 m (about 3-6 ft) from a flat 
object with a well-defined outline, such as a 
knife or razor blade. On hitting the edge of 
the blade, the light wave will not proceed in 
a straight line but will fan out. If a screen, such 
as the photographic plate used here, is placed 
a short distance from the blade, the image of 
the diffracted light can be seen. The diffraction 
is more than the lateral fanning out of the light; 
a shadow results that is not clear but seems 
to shade off toward the darkness. Observe 
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similar studies have been carried out on 
electrons and neutrons. If these particles 
are launched at the proper velocity 
through a crystalline material, they be- 
have like waves rather than like particles 
of matter, undergoing diffraction, a phe- 
nomenon typically associated with waves. 
This particular example has opened the 
path to the study of the wave theory of 
matter and thus to atomic, or quantum, 
mechanics, an outgrowth of the concept 
that energy is released in discrete units. 


that before it diminishes, the light forms sev- 
eral more intense bands. 

In Illustration 2b, the course of the light 
and darkness is examined perpendicularly to 
the length of the cutting edge of the blade 
and the flat side of the same blade. The illus- 
tration shows the strength of the light begin- 
ning from the illuminated part farthest from 
the cutting edge of the blade. Corresponding 
to the cut of the blade, the strength of the 
light (which was uniform before) drops sud- 
denly, then rises again in the points of light 
beyond the blade to a value that is greater 
than that obtained if the light had arrived 
undisturbed. An explanation for this phenome- 
non is found in the application of Huygens" 
principle. 
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THE GENERALIZATION OF HUYGENS’ PRIN- 
CIPLE—Huygens' principle affirms that a wave 
front is a source of disturbance in space. 
Each point on a wave front generates a 
spherical wave around itself. Imagine that the 
wave front is at rest at a certain instant; 
many small spherical waves are being gen- 
erated from its surface (Illustration 3a). These 
new waves are stronger in the direction of 
propagation of the original light wave and 
weaker laterally to it. Added together, they 
form a new compact front. This, in turn, can 
be imagined as the source of many small 
waves. 

To interpret the phenomenon of diffraction, 
И is convenient to state Huygens' principle 
in another way. Illustration 3b shows the ar- 
rangement, at a given instant, of the parallel 
wave fronts propagated by a distant light 
source, If they are allowed to propagate in- 
definitely, they will eventually reach the point 
P, which will then become illuminated. 

Huygens' principle can be applied under a 
new form to show how the point will be 
illuminated. Divide the surface of the nearest 
wave front into a number of small areas: 
according to Huygens" principle, each would 


emit a light disturbance approaching the 
point P and striking it. Therefore, the illumina- 
tion to which P is subjected depends on the 
light emitted by the various small areas into 
which the surface of the wave front has been 
divided. Those nearest to it will illuminate it 
most; the distant ones least. 

Note that there is a difference in distance 
to point P from the various parts of the wave 
front. Light emitted at the same time will reach 
P in phases. In other words, the waves reach- 
ing P will arrive in a disorderly manner. The 
crest of a wave from part of the front set will 
arrive simultaneously with the trough of a 
wave coming from another part. Each area 
sends out waves that arrive in different phases 
and at different strengths. The fundamental 
consequence is that if all the light from the 
different areas of the wave front arrive at P, 
this point will be illuminated because the light 
is added together, resulting in constructive 
interference. If, on the other hand, light from 
certain areas of the front is prevented from 
reaching P, the point may appear dark be- 
cause part of the light reaching it may be 
annulled by interference. 


ON OF DIFFRACTION—The 
as shown in Illustration 4a 
by Illustration 5. A distant 
t wave front (initially spheri= | 
virtually flat by distance) in 
> slit. When the light arrives, 
screen, halting part of the j| 
that the slit is divided into 

at least two r horizontal slits, which, ас j 

cording to ns' principle, will become | 

many new of phased light. When they 

reach the : the waves emitted by the j 

various part he slit will create the phe- 

nomenon c interference. The light that 
goes throug! slit does not simply illumi- 
nate a rectangular area, but forms a rectangle 
of light with shaded edges, accompanied lat- 
erally by other beams of shaded light. These 
beams are intense because, according to 

Huygens’ principle, light diffracted laterally 

has less strength 
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DIFFRACTION THROUGH A SLIT—IIlustration 
4a was obtained by illuminating a narrow slit 
from a source or point of light. The slit is not 
much larger than the wavelength of the light 
and is a long distance from the screen onto 
which the light is to be projected. The light 
that passes through the slit does not reach 
the screen in the form of a geometric rectan- 
gle, as the laws of geometrical optics would 
require. 

Illustration 4b shows what happens to the 
light after it strikes the slit. Atter passing | 
through the slit, it fans out—but not uniformly 
It is stronger in certain directions and weaker 
in others, or even nonexistent. To interpret 
this phenomenon, it is again necessary 10 
apply the generalized form of Huygens' prin- 
ciple. 


DIF JON ON THE EDGE OF A BLADE— 
Wit jing into great detail, it is possible 
tc the diffraction diagram that resulted 
m lade blocked the light waves (as 
llustration 2). Illustration 6 shows 

uU nt that strikes the cutting edge of 
t t intervals. This wave front sends 
с turbances Іп all directions. How- 
the moment at which the wave 

by the blade, not all the distur- 

t be added together. The sum of the 
‹ that pass beyond the blade and 
re reen causes a disturbance that 
to the diagram. The calculation 

ens at each point on the surface 

as represented by point P, can 


OTHER PHENOMENA OF DIFFRACTION—II- 
lustration 7 shows some of the phenomena of 
diffraction that can be obtained by using a 
point of light and collecting on a screen the 
shadows of various bodies with clear outlines, 


be made by subdividing the part in front of 
the blade into segments. Each segment can 
be used to calculate the strength of the ray 
directed onto P according to the indications 
of Huygens' principle. Note that at the points 
at which the light waves are added together 
and light is produced, the strengths of the 
light curves are added together. This result is 
the same as if the two sinusoidal curves were 
replaced by one of double height. Light per- 
ceived by the eye is proportional in strength 
to the square of the size of the wave. There- 
fore, a much stronger light can be observed at 
the points of maximum illumination than that 
which arrives undisturbed by diffraction. 


such as the shadow of a needle (Illustration 
7a), a razor blade (7b), holes of different di- 
ameters (7c), and a crack with open sides 
(7d). Diffraction also serves to explain such 
phenomena as the diffusion of light, to predict 


the clarity of images that can be obtained by 
the most perfect optical instruments, and, to- 
gether with interference, to analyze light by 
means of a grating. 
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reproduce optical images 
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THE COLLIMATOR—This device consists of 
a pair of apertures or a lens, which, when 
aligned along the axis of a light beam, 
broadens a point source of light to a beam 
parallel to that axis. The physical form of the 
device may be either rectangular or circular in 
cross section, but it must have the aligned pair 
of apertures or a lens system performing the 
same function. 

Collimators are extensively used to produce 
beams from radiations that cannot be readily 
reflected or refracted, either because they 
emanate from point sources or because they 
are corpuscular in nature. An ordinary source 
of light placed close to a sensing or detecting 
device—such as a photographic plate—illu- 
minates the entire surface with uniform inten- 
sity (Illustration 1a). However, if the light 
source and surface to be illuminated are inter- 
posed by a collimator, only a limited area is 
illuminated (Illustration 1b). The radiation from 
the source I passes through the first aperture 
F, which has a width d; the wave front is dif- 
fracted to produce a scattering of radiation in 
directions such as r and r’. The extent of scat- 
tering is determined by the width of the aper- 
ture, by the radiation that passes through it, 
and by the distance of the source from the 
aperture. Wave fronts that reach the second 
aperture F’ are practically flat, so any wave 
fronts that pass through it are in a beam that 
is quite parallel. 

In the span between the apertures, some 
diffraction does take place, but the effect is 
small if the surface to be illuminated is placed 
close to the second aperture. However, If the 
surface to be illuminated is moved far from the 
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second aperture to position S', the resolu- 
tion is greatly diminished. This effect is caused 
by the propagation of widened images from 
the second aperture to the illuminating sur- 
face. The width of this image is a function of 
the second aperture width as well as the 
wavelength of the radiation. 

The distance s between the center of the 
diffraction image of the aperture and the 
Position of the first minimum of the illumina- 
tion diagram (see Illustration 5) is given by 
the equation 


А = h/2me 


where т equals the mass ‹ 
equals the value of the chiar 
voltage with which it is 
equals Planck’s constant. 
be simplified to the follo 
value of known constants: 


А = 12.24/V. 
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ated, and h 
equation may 
g torm using the 


sina = A/s, 
where a is the angle between the longitudinal 
axis of the collimator and the line between 
the center of the diaphragm and the center of 
the first diffraction minimum. The angle is 
usually expressed in radians. 

The greater the distance between the il- 
luminated surface and the first diffraction 
minimum, the greater is the linear enlarge- 
ment of image produced by the beam from 
the collimator. If an aperture has a width of 
10um, and a green light with a wavelength of 
5,000 A is used, the resolving power of the 
collimator is very small: 


Sina = A/s 
0.5/10 (microns/microns) 
0.05 radians or 3 degrees 
(because « is small). 

However, if x-ray radiation with a short wave- 
length of about 1 A is used, the resolving 
power of the same collimator is greater: 
Sina = « = 0.0001/10 = 

0.00001 radians or 22 seconds 


sina=a 


THE HUMAN EYE—The human eye is the most 
sophisticated of all optical devices. In calcu- 
lating the resolving power of the eye, consid- 
eration must be given two of its unique fea- 
tures: (1) The diameter of the pupil of the 
human eye varies with the intensity of Incident 
light, so its resolving power varies. (2) The 
diameter of the pupil may be as large as 6-7 
mm (about 0.23-0.27 in.), so aberrations due 
to the form of the ocular lens hide the quality 
of the image and the full aperture cannot be 
effectively utilized. 

The maximum resolving power of the hu- 
man eye is obtained when the pupil diameter 
is about 2 mm (about 0.08 in.). When this nu- 
merical aperture is used in the equation to 
determine the resolving power of a telescope, 
the resolving power of the eye is determined 
as follows: 


г" = 122/D = 12.2/0.2 = 
60 


sec. = 1 min. of arc. 


The ability of an optical device to repro- 
duce the details of an optical image is 
called the resolving power of the device. 
This ability is limited by the wave-front 
nature of light and the diffraction effects 
associated with all such phenomena. All 
wave-front emanations of energy emerg- 
ing from a point source are reproduced 
not as a point, but as a diffraction pat- 
tern. Therefore, point sources are resolved 
or distinguished in their images only if 
the fringes of the diffraction patterns are 
sufficiently separated to permit their de- 
tection as separate sources. Accordingly, 
the resolving power of any optical device 
is indicated by the smallest angular or 
linear separation of point sources that 
the device can reproduce. 

This measure of resolving power may 
be applied to all devices that resolve pat- 
terns of electromagnetic energy emissions. 
The measuring technique applies to opti- 
cal and electron microscopes, collimators, 
telescopes, and to the human eye—the 
most sophisticated of all optical devices. 


Using this simplified form of the equation, the 
wavelength of de Broglie waves associated 
with electron emissions at 1 volt is 12.2 A; at 
10,000 volts is 0.12 A; and at 100,000 volts is 
0.04 A. Voltages of about 100,000 are used in 
practical electron microscopes, and wave- 
lengths much shorter than those attained with 
x-rays are thus obtained. The limitation of the 
electron microscope is that its objective has 
a small numerical aperture, usually on the 
order of 0.01. In spite of this limitation the 
resolving power of a typical 100,000-volt elec- 
tron microscope is about 4 A. High-quality 
microscopes can provide this resolving power, 
because they have highly perfected lenses that 
do not introduce serious aberrations in optical 
image production, An image produced by an 
electron microscope is shown in Illustration 
2b'—a flavobacterium enlarged 24,000 X. 


The diffraction due to the finite aperture of 
the pupil therefore causes the diffraction of an 
image that has an aperture of 1 min of arc 
(8). The plane of the retina is about 25 mm 
(about 0.93 in.) behind the ocular lens, and 
an image with an aperture of about 1 of arc 
on this plane has a radius of about 1/200 mm 
(.000195 in. Because this is precisely the 
size of the sensitive elements of the retina, 
these elements are ideally adapted to the re- 
solving power of the system. The same type 
of calculations can be used to determine the 
distance of minimum distinct vision, d ,,, which 
is the minimum distance at which the eye can 
distinctly perceive objects. This calculation 
yields a value of d „ = 25 cm (about 9.75 in.). 
A further calculation indicates that the mini- 
mum size object that the eye can perceive is 
about 0.1 mm (about 0.004 in.). 
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THE CASE OF THE TELESCOPE—The angular 
resolving power of the telescope is given by 
the simple equation: 


r' = 1.22/D, 


where D equals the diameter of the objective 
in cm and r’ is the angular resolving power. 
The diameter of the objective of a large re- 
flecting telescope is almost 100 cm (about 
39 in.), and the resolving power is approxi- 
mately 0.1” of arc. However, this resolving 
power can only be effectively attained if the 
wave fronts are transmitted through an atmo- 
spheric medium of ideally homogeneous index 
of refraction. Consequently, the ideal resolv- 
ing power of a telescope is never attained. 
Some reflecting telescopes have objectives 
larger than 100 cm, but they are even more 
sensitive to atmospheric disturbances that in- 
fluence the index of refraction of the medium. 
The illustration shows a telescope used for 
solar observations from a tower of a large 
astrophysical observatory in Italy. 


RAYLEIGH'S CRITERION—A criterion used for 
the assessment of the resolving power of opti- 
cal devices was developed by the English 
physicist John William Strutt, Lord Rayleigh, 
in the late nineteenth and early twentieth cen- 
turies. According to this criterion a two-point 
source of light produces a wave front. This 
wave front is resolved on an incident wave 
front if the maximum intensity of one image’s 
center can be distinguished from the maximum 
intensity center of the other image. 

The incident wave front takes the form 
shown in the lower curve (illustration 5c), 
with the intensity shown as the ordinate and 
the position as the abscissa. If point sources 
are to be distinguished on a reproduced image, 
the principal maximum intensity point of one 
image must not overlap the maximum intensity 
point of the other image. 

In practice, as indicated in Illustration 5a, 
an emerging wave front, with an intensity dis- 
tribution as indicated, produces a diffraction 
pattern. A succession of wave fronts crosses a 
circular diaphragm, is diffracted, and emerges 
as a new succession of wave fronts that no 
longer have plane surfaces. The appearance 
of the disk with concentric rings is shown in 
the left-hand part of Illustration 5b, and the 
curve relating the intensity of incident light 
to distance from the center of the disk is 
shown in the right-hand part of the same illus- 
tration. The resolving power of a practical 
optical device is a function of the size of dif- 
fraction rings created in a field of vision, or 
focal plane, by virtue of light diffraction of the 
objective. 
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ABERRATIONS | imperfections of image 


Long brine the word Hollywood be- 
came sync ‘ous with the illusory world 
of moti "ctures, the “magic lantern” 
and the c images it projected fasci- 
nated vi s. Perhaps it did not annoy 
those vi s too much that the image 
on the n often bore only a scant 
resemble to reality, a shortcoming 
caused |. cely by what scientists call 
aberrati 

The li. from a source such as an 


"TICAL SYSTEM—Paradoxically, 
sal system happens to be the 
-namely, a small hole in an 

Illustration 1a demonstrates 
principle of the pinhole, the sim- 
roducing images. The light source 

of very small lamp bulbs ar- 

support in a triangular pattern. A 
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electric lamp is radiated in all directions, 
illuminating surrounding objects. The 
light cast on a white screen appears 
brighter as the screen is moved nearer 
the lamp. If a lens is placed between the 
lamp and the screen at an appropriate 
distance from the screen, an image of 
the light source is projected onto the 
screen. This principle is used in photog- 
raphy for the projection of fixed images 
(photographic slides, for example) as 


piece of cardboard with a pinhole aperture F 
in the middle is placed in front of the triangle 
of light. An opaque white screen is placed on 
the opposite side. The light from each of the 
small bulbs radiates in all directions but is 
blocked by the cardboard, except for those 
rays that pass through the pinhole and illumi- 
nate the screen. Six small spots of light ap- 


ADVANTAGES OF A THIN LENS—In this illus- 
tration the pinhole has been enlarged and a 
biconvex, converging lens with a focal length 
appropriate to focus the image on the screen 
has been mounted in the opening. All the rays 
from a single point source (such as one of the 
small light bulbs) striking the lens are now 
bent by the lens and made to converge into a 
Single point on the screen at the right. In this 


well as moving ones (motion pictures). 
Due to aberrations, however, what ap- 
pears on the screen is not a perfect image 
but a distorted one. Because different 
lenses will produce different kinds and 
degrees of aberration, one of the con- 
cems of lens opties is to find the best 
possible shapes and combinations of 
lenses to minimize aberrations. This con- 
cem presupposes a knowledge of the 
various kinds of aberration. 


pear on the screen, in the same triangular 
pattern as the source, but upside down. 

A detail of the pinhole optical system, with 
the size of the hole exaggerated, is shown in 
Illustration 1b. The larger the pinhole and the 
greater the distance between it and the pro- 
jecting screen, the more blurred and dim is 
the image on the screen. 


manner many more light rays are concentrated 
on the screen than in the case of a simple 
pinhole, and the image is no longer merely a 
pale shadow of the source, but a very bright 
representation. However when the lens be- 
comes disproportionately large in relation to 
its focal length, the images have a number of 
aberrations and are thus imperfect. 
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SPHERICAL ABERRATION—Spherical aberra- 
tion is produced when the rays from a point 
source of light are not made to converge into 
a single point, but different parts of the lens 
converge their incident rays into different 
points. The lens shown in the diagram is more 
convergent near its edges than at its center. 
Blocking the beam of the more convergent 
rays at a, a’, a”, and a’”, produces out-of-focus 
images of the point source of light at consider- 
able distances from the lens. Although the im- 
age at a’ has the smallest diameter, it is by 
no means perfectly focused. Nevertheless, it 
is referred to as a minimum-blur image. Spher- 
ical aberration can be minimized by design- 
ing the curvature of one face of the lens so as 
lo compensate for the aberration caused by 
the other face. Another very practical and ef- 
fective method of correction is described in 
Illustrations 5a and 5b, 


COMPENSATING FOR SPHERICAL ABERRA- 
TION—Illustration 5a shows how different rays 
pass through a sheet of glass with parallel 
plane surfaces. Rays striking the glass at any 
angle always emerge parallel to their direction 
of Incidence; but with a greater lateral dis- 
placement as the angle at which they strike the 
glass increases. 

In Illustration 5b, a thick sheet of glass has 


COMA—Spherical aberration is less complex 
when a lens is struck by a beam of light com- 
ing from a point on the axis of the lens than 
when it is struck by an oblique beam of light, 
as shown in Illustration 4a. The latter situation 
is complicated because the focal length of the 
lens is not unique, but different for various 
parts of the lens. In this case, the image of a 
point of light is blurred asymmetrically, ap- 
pearing as a spot with a tail—roughly the 
shape of a comet; hence, the name coma for 
this kind of aberration. 

Illustration 4b is a photograph of part of the 
night sky taken through an optical instru- 
ment producing a coma type of aberration at 
the edges of its effective field. The images of 
the two stars on the left resemble comets. This 
does not occur in Illustration 4c, which shows 
the images of the stars in the middle of the 
field of the same instrument. Coma aberration 
is found only away from the axis of the lens, 
hence, the images of the stars in Illustration 
4c are round. 


been placed behind a converging lens having 
a high degree of spherical aberration. Without 
the glass plate, the rays would converge on 
different points because of the aberration. With 
the glass present, the peripheral rays, which 
would otherwise be focused at a point closer 
to the lens, converge farther away. Spherical 
aberration is thus partly compensated for by 
the displacements caused by the glass. Sim- 


ilar arrangements of glass an 

in many optical instrument: 
ample, in ordinary prism bir 

the beam of converging light 
objective lens has to pass thioug 
of the reflecting prism. This arrar 
verts the image that was original! 
the objective lens, and at the 
pensates for spherical aberration. 


stical axis 


AST! M-—When a beam of parallel rays 
strik nvex lens obliquely with respect 
to t the lens, the rays that lie in a 
plant хоп to the axis of the beam and 
the » lens may be focused differently 
from | à plane r perpendicular to q 
and ! through the axis of the beam. 
After | »58ed through the lens, the beam 
nary т a cone, but the cone does not 
have ‘et point. The converging rays form 
first › led rod-shaped image perpendic- 
ular tc shown In the diagram. The image 
assum is shape because the amount of 
conver ce 1з greater in the plane q than in 


CHRO С ABERRATION—Spherical aber- 
ration proper, astigmatism, and coma аге 
known collectively as spherical aberrations. 
They are associated in the simplest cases with 
blconvex converging lenses. But spherical aber- 
rations may also occur in converging lenses 
that are not biconvex as well as in diverging 
lenses, and even in nonoptical systems such 
as those concerned with focusing of electrons, 
protons, and other charged particles by elec- 
tric and magnetic fields. Optical lenses are 
also affected by so-called chromatic aberra- 
lion. The functioning of a lens as a focusing 
device is based on the deviation in the direc- 
tion of light rays when they are refracted at 
the surfaces that Separate air from glass and 
glass from air. This specific amount of devia- 
lion depends on the wavelength of the color 
9f the light. If the light is white (being a mix- 
lure of all the colors of the spectrum), the 
various colors will focus as shown. On a screen 
Placed at different distances from the lens, the 
lens will focus the image in a different color 
each time, depending on which color compo- 
nent of the white light happens to be in focus 


any other nonparallel plane. After this, the 
rays that had struck the lens along the hori- 
zontal diameter aa' continue to converge, 
while those which struck it along the vertical 
diameter bb' are now diverging from the rod- 
shaped image, the focus they have reached 
already. The point of minimum blur is C. Be- 
yond this point the rays form a second rod- 
shaped image perpendicular to r. 

This defect of a lens is known as astigma- 
tism. Astigmatism and coma are minimized by 
manufacturing optical systems as symmetri- 
cally as possible, 


at the particular distance. The image of a white 
dot will then be seen as a colored dot encircled 
by an out-of-focus, diffuse ring of a comple- 
mentary color. Which two colors appear in 
the dot and its halo respectively depends on 
the distance from the lens to the screen. An 
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APPROXIMATION OF THE THIN LENS—Many 
of the aberrations described can be practically 
eliminated if a lens is cut as shown in Illus- 
tration 7. Thick lenses that are large In diam- 
eter and have short focal lengths are likely 
to be affected by all the types of aberration 
described so far. If the diameter of the lens 
is reduced by cutting out the central part, as 
indicated, and discarding the rest, the degree 
of all types of aberration is also considerably 
reduced. If now the thickness of the lens Is re- 
duced too, its focal length will remain un- 
changed, but all the aberrations, except the 
spherical, are likely to become insignificant. 
(Spherical aberration can be diminished by 
causing the converging beam to pass through 
a thick plate of glass.) So-called thin lenses 
are understood to be lenses with practically 
no aberrations, although such lenses are usu- 
ally small in size as well as thin. Thin lenses 
cannot always be used to produce optical sys- 
tems free of aberrations. If the Image needs to 
be bright, the lenses must have large diam- 
eters with respect to their focal lengths. Other 
aberrations, such as field curvature, are more 
typical of complete optical systems than of 
simple lenses. 


image formed by a lens affected by chromatic 
aberration has а rainbow-colored edge and is 
blurred. The most practical approach to cor- 
recting chromatic aberration is the arrange- 
ment of lenses in pairs so that each lens will 
cancel the chromatic aberration of the other. 


DIOPTRICS | 


Scientists of antiquity studied the reflec- 
tion of light from spherical and other sur- 
faces. They knew the fundamental law of 
reflection: the angle of incidence equals 
the angle of reflection (where both angles 
are measured with respect to the nor- 
mal). Moreover, they used this principle 
to address problems of reflection from 


the fundamentals of the 
optics of spherical surfaces 


spherical mirrors, and they attained a 
considerable degree of sophistication. 
Legend credits Archimedes with using 
mirrors to set fire to Roman ships attack- 
ing Syracuse. However, the ancients knew 
little about refraction at spherical—or 
other—surfaces, because the laws of re- 
fraction had not been defined. 


Today, the path of 
any system of le 


—and some phot 
sist of as many û 


ray through 
»rinciple be 
raction, but 
ath through: 
is complex 
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'odies, gen- 


erally : de of glass (but sometimes of 
plastic terials) and bounded by two 


THE PROBLEM OF DIOPTRICS—In Illustra- 


spheri parabolic, or other surfaces, fion 2a a ray of light is shown falling on a 
А " id. |Sphere. To calculate the path of this ray in- 

Spher + А mses ieee special consid side the sphere and the point at which it 
eration The problem presented in the intersects the axis, an enlargement of the en- 
accon: ying illustrations is this: what 20989 area is shown in Illustration 2b. Неге, 
j i it |the spherical surface appears essentially as 

p ath lowed by a light ауны a plane, Hence, the law of refraction can be 
trave! rough a lens (or lenses) and applied: sin //ѕіп r = n, where n is the index 
cross, -erical surfaces? Every surface fof refraction of glass. The refracted ray is 
iyidir wi 1 i indices | seen to follow line rr. To calculate where line 
dividi ; vo materials of different in s rr intersects the axis, some other parameters 
of re’ tion causes the refraction of a must Бе known—the distance of 1 from the 


axis, the radius of curvature of the surface, 
and the angles u and u’ between rays ri and 
rr and the axis. 


light 


' ЧЕ OF THE SPHERICAL REFRACT- 
FACE—Illustration 1a represents a 
əfracting material. It may be made 
ater, but glass is the substance 
егей in optics. A ray of light 
"n source S is made to fall on this 
joint I. This ray has been collimated 
means of a small projector or by 
изв through some diaphragms, but 
‘ls are not shown. Dioptrics studies 
2 such a ray. 
ration 1b the problem is simplified 
ung parts of the sphere that are 
^ straight line is drawn from the 
ce of light to the center of the 
1 a cylinder is constructed around 
this i пе base of the cylinder is spherical 
and ла point I. The cylinder need only 
be sd to be long enough to contain 
the path of the light ray through the 
orig * "nere, 
br sation 1c both the ray of light that 
has sone refraction and the line joining 
th "urce to the center of the sphere 


are ad in the same plane. Hence, if the 
су! ı3 cut along the plane, the section 
ot Includes the path of the light ray. 
The ilar profile of the sphere and the axis 
Бем ‘he source and the center of the 
sphers лге all the geometric elements that are 


neccec to calculate the path of the ray. 
Illustration 1d shows the geometric scheme 
for the refraction of a light ray. However, the 
Original three-dimensional figure should be 
kept in mind. 


A PARTICULAR CASE: PARALLEL RAYS—I{ point at which paraxial rays converge із called 
parallel light rays Incident on a sphere, the focus of the refracting surface. The name 
some rays are farther from the axis than focus (from the Latin word for "fire") was 
others. Rays that are close to the axis (called given to this point because sun rays, if made 
paraxial rays) all converge at practically the to converge in this manner, can set an object 
same point, but rays that are some distance on fire at this point. 

from the axis converge at different points. The 


One definition makes it possible to mea- stance. The refractive index can be found 
sure and calculate refraction. Light trav- for any substance by comparing the angle 
els more slowly in water than in air; the of incidence with the angle of refraction; 
speed of light is even less in glass than the ratio between the sines of the two 
in water. angles is the refractive index, Likewise, 

The ratio of the speed of light in air to the angle of a refracted beam of light can 
that in any other medium is the refractive be calculated from the incident angle and 
index (or index of refraction) of the sub- the angle of refraction. 
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PARAXIAL RAYS—An important case is that 
in which all the rays are parallel and close to 
the axis; they, therefore, converge at the same 
point. This case can be considered by reduc- 
ing the surface from that shown in Illustra- 
tion 4a to that shown in Illustration 4b. All 
paraxial rays impinging upon this reduced area 


4 


converge at the focus. The focus can thus be 
found by calculating the path of only one ray. 
In some cases, however, this approximation is 
not practicable. In the design of a photo- 
graphic objective, for example, a long series 
of mathematical calculations must be carried 
out to solve this problem. 


A LENS: A COMBINATION OF TWO REFRACT- 
ING SURFACES—lllustration 5a shows a @ 
verging lens on which the strongly converging 
beam of light is impinging. To calculate the 
paths of the rays after they have passed || 
through the lens, separate consideration 0! 
the two surfaces is sufficient—presuming, 0 
course, that the curvatures are small enough 
that the incident rays can be considered 
paraxial. | 
Illustration 5b shows the paths of the rays 
that have crossed the first refracting surface: 


The rays travel in a medium independent of 
any future refractions or part refractions. This 
is the reason the refractions can be consid- 
ered independently. The dotted lines repre- 
Sent the path that the light follows. 

In Illustration 5c the rays encounter a sec- 
ond surface. Only the angle of incidence is 
important, and the past history of the rays is 
irrelevant. The rays could have always had 
this inclination (represented by the solid lines 
on the left). The paths of the rays on passing 
through the second surface are shown, right. 


Parallel rays passing through a spherical sur- 
face do not converge at the same point unless 
they are very close to the axis. This illustra- 
tion shows a converging of rays that are not 
parallel. The rays incident from the left would 
all converge at P' if they did not refract on 
encountering the sphere. However, they con- 
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verge at P due to refraction. If the distance 
of point P’ from the vertex V of the spherical 
surface and the radius R of the sphere have 
arbitrary values, the point of convergence р’ 
is only approximate; some of the rays соп- 
verge a little nearer to the vertex of the 
spherical surface, while others converge a 
little farther away. However, if the distance 
from the vertex V to point P’ is equal to 
В + nR (where n is the index of refraction), 
then the distance from V to point P is given 
by R + R/n and all the rays rigorously con- 


THE APLANATIC POINTS OF A SPHERE— 


verge on this point. P and P" are called the 
aplanatic points of the sphere and suggest a 
very important application to the construction 
of lenses: the aplanatic meniscus. This is used 
in the construction of objectives for high- 
powered microscopes. 

In this illustration the meniscus consists of 
a lens delimited by two spherical surfaces; 


the first of these m is identical to the surface 
just considered, while the second has its cen- 
ter of curvature at the point P and is shown 
in the diagram by means of the full red line. 
The rays do not undergo any deviation when 
they meet the second surface because all of 
them are impinging on it normally; the rays 
continue as if they were traveling inside the 
refracting substance of the meniscus. The 


front lens of certain objectives is constructed 
to utilize these aplanatic points. The rays can 
thus be made to converge toward the eyepiece. 
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MIRROR OPTICS | the geometry of reflection 


Light is electromagnetic radiation that 
can be detected by the eye. Much can be 
learned about light rays, which travel in 
straight lines until they meet an obstacle, 


without actually taking their electromag- 
netic nature into account. The branch of 
optics in which the wave nature of light 
is not considered is called geometrical 


SEEING AN OBJECT—The human eye sees 
objects that emit light, such as a flame or 
the filament of a bulb, and bodies that reflect 
light, such as the front of a house in the light 
of the sun, or the light diffused by the sky. 
In Illustration 1a, the eye receives only a 
few of all the light rays emitted in all direc- 
tions by the bulb O, and the lens of the eye 
forms an image 1 on the retina В. From the 
position of this image the brain deduces the 
direction from which the object has been seen. 
The functioning of this surveying mechanism 
is based on the perception of the direction 
from which light rays originate. 
Illustration 1b shows how the human eye 


or physical optics.) 

Light rays travel in straight lines only 
when the medium through which they 
travel is of the same optical density 
throughout. Interesting phenomena oc- 
cur, therefore, at the interface of two 
different media. For example, when light 
rays pass from air to water (which has 
a greater optical density than air), the 
light rays are both reflected and bent (re- 
fracted) at the surface of the water. The 
light rays then continue to move in 
straight lines until their paths are modi- 
fied by other obstacles. 


can be deceived by a mirror placed to cause 
a deviation of the path of light rays. The light 
rays seem to be coming from the direction 
r’ instead of from r, and the bulb appears to 
be in position O' instead of the actual posi- 
tion O. 


THE SPHERICAL MIRROR—The illustration 
Shows how a beam of parallel rays of light 
is reflected from a mirror to meet at the focus 
point F. V is the vertex or axis of the mirror. 
If the mirror has a diameter d that is not too 
large relative to the distance VF, light rays 
directed parallel to the axis onto the mirror will 
converge at point F, which is midway between 
the vertex V and the center of mirror curva- 


optics because the opti 
ing it are formulated in 
(When the wave nature 
into account, the subj: 


laws govern. 
metric terms, 
Ught is taken 
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THE PLANE MIRROR-—! 
how a plane mirror can ! 
tical images. The bulb O 


›п За shows 
d to form op- 
light rays in 


all directions. Of all thesc two, r” and f, 
have been indicated as | rike first the 
mirror and then the eye ‹ observer. 
Illustration 3b shows or e part of the 
rays r' and r that the ey es. The other 
parts—the mirror, the lig irce, and the 


light rays between the sou nd the mirror 
—are not shown. 

Illustration 3c shows how 
to perceive the rays as є 
source O’. 

Illustration 3d shows In detail how an im- 
age is formed by a plane mirror. The light rays 
appear to originate from a source O^ behind 
the mirror. Since the source O' does not give 
off any direct light (although it may seem to Ш 
do so), it is called a virtual source. The 
image O' is, therefore, a virtual image. 


зе eye seems 
ging from the 


The study of light rays falling on a flat | 
surface is much less complex than the 
study of reflection and refraction of light 
from a curved mirror. However, under- 
standing the theory of the formation of | 
images by reflection in curved mirrors 8 
important in designing instruments that f 


use mirrors instead of lenses. 
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JF A SPHERICAL MIRROR— 
or converges the parallel rays 
t its focus only when the di- 
nirror is small in comparison 
/f curvature: that is, if the mir- 
ed spherical section. In Illus- 
ever, a wide spherical section 
der to illustrate what is com- 


STIGMATIC MIRROR—A par- 
llustration 6a) is stigmatic: it 


ırallel rays at one point and 


riginating at the focus as par- 
more an optical surface devi- 
pherical, however, the more 
'struction becomes. Parabolic 
refore, usually made with nar- 
idicated by the arrows. 
Shows how a parabolic mir- 
beam of parallel rays of light. 
ctions, outside the axis of 
r, are positioned to bring into 
beam of parallel rays striking 
ection of the axis of the orig- 


monly known as spherical aberration. The 
rays that strike the mirror converge at differ- 
ent distances from the focus. Those striking 
the periphery of the mirror converge at a dif- 
ferent point from those striking the center. 
A figure representing an image affected by 
spherical aberration is shown in Illustration 
4b; the image is not sharp but blurred. 


Illustration 6c shows how an ellipse is 
analogous to a parabola. An ellipse, rotated 
around its major axis, forms a surface of 
revolution that brings into focus, at one of 
the focal points, the rays that emerge from 
the other focal point. In a few rare cases el- 
lipsoidal mirrors are constructed to bring ra- 
diation between finite points into focus. This 
method is rare, because of the difficulty of 
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THE FORMATION OF IMAGES—lilustration 5 
shows how a spherical object forms images. 
Three sources of light O are placed in front 
of a spherical mirror. An image of each of the 
sources represented by O is formed in the 
position O'. This occurs only if the diameter 
of the mirror is small in proportion to its radius 
of curvature. 


obtaining ellipsoidal surfaces. 

Illustration 6d shows how an important 
property of the ellipsoid is exploited in a 
solid laser device. A flash tube containing 


xenon or some other suitable gas is used to 
illuminate the ruby rod that lights the laser. 
A cylindrical reflector with an elliptical sec- 
tion is used to focus the light on the synthetic 
ruby rod, which is parallel to the flash tube. 
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THE CONVEX MIRROR—Iilustration 7a shows 
how images are formed on a convex mirror. 
A light source S emits light in all directions. 
Part of this light strikes the mirror; r and r^ 
represent two rays that strike it and are re- 
flected; O represents the eye of the observer. 

The source of light and the mirror have 
been omitted from Illustration 7b, leaving 
only the path of the rays r and r' as reflected 
by the mirror. The rays, when they are re- 


flected in the mirror, are diverged from their 
initial direction. Their origin (as far as the 
eye of the observer is concerned) appears to 
be the nonexistent source S'. When the eye 
perceives the rays r and r', it cannot know 
whether they come directly from source S or 
from S' by reflection. In fact, the observer has 
the impression that a source S' (indicated in 
the illustration by faint dotted lines) is directly 
behind the mirror. 


SPHERICAL ABERRATIC 
RORS—Convex mirrors 

rations. Illustration 8 sh 
lel rays striking а spher! 
strike near the principa! 
focus F, while those tha 
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THE HYPERBOLIC MIRROR—One type OF 
concave mirror, the parabolic, is perfect 
stigmatic (produces geometric points 
images of geometrical points) to a beam 0 
light coming from infinity. Convex mirrors аге 
never stigmatic. Only a hyperbolic mirror has 
the property of causing a beam of light from 


one point to converge on another point, b 

the two points must be the foci F, and Fa ОП 
the hyperbolic section of the mirror. А COM 
cave mirror of this type is used to collect light: 
rays in reflecting telescopes. 
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The stuc optical illusions opens the 
door to y profound observations 
about m d nature. Some interesting 
and relat simple experiments can be 
perform t relate to physics, physi- 
ology, a chology. In these experi- 
ments, t ks that the eye plays on 
the brai reveal otherwise hidden 
aspects n’s external world. 

The re that observers are often 
deceived rticular images are many. 
1 
FOUR CO! ! OPTICAL ILLUSIONS—Some 
optical |! are physiological in nature, 
and other purely psychological. In the 
letter T, f nple, the vertical line appears 


A line v arrowheads (Illustration 1c) will 
seem lon: if the arrowheads point inward, 
and shorter if they point outward. The reason 
for this is that the brain unconsciously includes 
part of the arrowhead in the length of the 
horizontal line. However, It does not include 
the arrowhead whenever it points Inward. It 
is extremely difficult to overcome this sensa- 
tion and make a correct estimate, The optical 
illusions shown in Illustration 1d are often 
found in mechanical drawings. When the space 
between two parallel lines is hatched with 
Short oblique lines, the eye perceives the 
Principal lines as converging rather than par- 
allel. In fact, the subconscious tends to see 
the short lines as horizontal. If the dominant 
Oblique lines tend to be horizontal, the par- 
allel lines will seem to incline. Consequently, 
true parallel lines seem nonparallel despite the 
fact that they are equidistant at any point. 


ICAL ILLUSIONS 


They are found in such phenomena as 
light, color, size, dimension, angle, and 
distance. Everyday experience provides 
the means, and often the necessary ap- 
paratus, to create and explain such phe- 
nomena. 

Psychological effects of color are di- 
rectly related to optical principles. In the 
dark, for example, a red light appears to 
be closer than it really is, and a blue light 
seems farther away. The eye adjusts its 


to be longer than the horizontal line because 
the latter is seemingly divided in two (lllus- 
tration 1a). Subconsciously, the brain com- 
pares the vertical line with each half of the 
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experiments in the 
psychology of sensations 


focus in a different way for the long-wave 
red rays and the short-wave blue rays. 
One of the most interesting reactions of 
the eye to colors is the afterimage, which 
can be illustrated by a simple experi- 
ment. By staring at a spot of color about 
an inch square on a piece of white paper 
and, after about 30 seconds, staring at a 
blank sheet of white paper, one is able to 
“see” a dot of color roughly complemen- 
tary to the original spot. 


horizontal line. The cross in Illustration 1b, 
which is about halfway between the top and 
bottom, appears closer to the top because of 
the converging lines. 
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ILLUSIONS REGARDING AREA—An interest- 
ing optical illusion (Illustration 2a) is that in 
which the sides of an angle tend to appear in- 
ward when the angle is acute, and outward 


EXAMPLE OF ADAPTATION—This illustration 
shows how the eye adapts to unfavorable or 
exceptional circumstances. The “blind spot" in 
the eye, that point where the optical nerve 
is attached to the eyeball, cannot perceive 
light and images. This can be demonstrated by 
observing the cross with only the right eye at 
a distance of about 25 cm (about 10 in.). The 
disk on the right seems rather large. With the 
eye fixed on the cross, and moving to the left, 
the disk can be made to appear smaller and 
even disappear. In this experiment each image 
(cross and disk) is observed by both eyes, but 
the part not seen by the blind spot is per- 
ceived by the other eye. Even with one eye, 


IMPORTANCE OF DETAIL — The details in a 
figure tend to augment its apparent dimen- 
sions because the eye perceives many of the 
details and, in distinguishing them from one 
another, will make the whole appear much 


when the angle is obtuse. This explains the 
seemingly obvious fact that the right horizon- 
tal side is lower than the one on the left. In 
Illustration 2b, the figure on the right appears 


this blind spot is seldom realized, which clearly 


larger. The different lines in Illustration 4a are 
hard to estimate even though they are 2, 1, 
and .5 cm in length. This is due to the eye 
and brain attempting to sort out as many de- 
tails as it can at the same time. In the two 
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larger than the figure 
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figure on the left. 
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ISIONS IN EVERYDAY EXPERI- 
revious illustrations are often 
ıstrate optical illusions, but many 
ı everyday experience. For ex- 
gning a series of buildings, an 
never place a tall slender build- 
!ow squat one, because such a 

offend aesthetic sense. In ob- 
5, the eye tends to exaggerate 
ı relation to one another more 
imple designs previously illus- 


trated. Consider, for example, an image seen 
through the telescope. With the eye close to 
the eyepiece, all objects seem smaller than 
they really are. Unconsciously, anything seen 
through a telescope is considered not to be 
very big. A simple telescope consists of two 
lenses and a tube that is twice as long as the 
focal length of each lens. Those objects seen 
through this device will seem two or three 
times smaller than they really are; this illusion 
becomes even more pronounced since these 


THE HORIZON—Optical illusions are often due 
to the relationship of objects to one another 
and to the horizon. Thus, the moon seems 
larger when it appears on the horizon than 
when it is high in the sky. The same is true 
for the sun and certain constellations. Since 
the sun has the same apparent diameter as 
the moon and is easier to observe, it can 
be used in a simple experiment to demonstrate 
an optical illusion. At sunrise or sunset, the 
sun projected onto the floor by means ota 
mirror will appear quite small (Illustration 6a). 


а ——= 


images are perceived as upside down. By look- 
ing at the same object with the naked eye and 
with the telescope, images of the object are 
superimposed and they appear identical, When 
designing instruments that need not enlarge 
an image (periscopes, for example), manufac- 
turers use a magnification of 1.5 X to counter- 
act this natural tendency to see things smaller 
than they really are. 


The image is so small in fact that it is difficult 
to believe that some of the optical s; 

(eye, mirror) through which it must pass do 
not reduce its size. 

Similarly, hip on the horizon provides the 
basis for another experiment, The angle the 
ship subtends may amount to a degree, a 
tenth, or smaller fraction. The same p 
viewed in a mirror (Illustration 6b) will appear 
much smaller and may even be hard to find 
at all. 

Another experiment can be performed easily 
with surprising results. A rather tall object is 
viewed first standing and then lying down (!!- 
lustration 6c). When lying down the same ob- 
ject will seem to be less tall than before. The 
reason is that objects in the same plane are 
more easily defined and estimated than those 
above or below the observer. 
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COLOR | 


White light is composed of the various 
colors of the rainbow. This fact can be 
observed and verified by using the glass 
pendant of a chandelier, the corner of a 
glass ashtray, or a prism. White light en- 
ters the glass and is dispersed; that is, the 
rays that make up white light will leave 
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THE ANALYSIS OF WHITE LIGHT—White 
light can be classified into three different 
categories: hot light, such as the light of a 
tungsten filament lamp; cold light, such as 
the light of a mercury vapor lamp; and normal 
light, such as the light of the sun. The ex- 
planation of this classification can be seen 
by an analysis of the light of the sun. 

The spectroscope reveals in sunlight the 
whole range of spectral colors from red to 
violet. Yellow immediately stands out as the 
brightest and most dazzling of all the colors. 
Red and violet, at the extremes of the spec- 
trum, appear to be much weaker; although 
they are bright, they do not dazzle. Red and 
violet are almost equally bright, even though 
it is difficult to establish the relative brightness 
of two completely different colors. Yellow 
appears to be brighter for two reasons: first, 
the light of the sun contains more yellow than 
any other color; and second, the human eye 
is more sensitive to yellow than to other colors. 

A graph showing the relative amounts of the 
various colors in the spectrum reveals these 
facts in a more precise way. The percentage 
of the colors present in the light of the sun 
is plotted along the ordinate, while the scale 
of the visible wavelengths is plotted along the 
abscissa. The wavelengths range from about 
7,000 A (Angstroms) to about 4,000 A (one 
Angstrom is equivalent to 1 x 10-'° meters). 
7,000 A corresponds to dark red; 4,000 A, to 
violet. The curve of the relative amounts of the 
different colors in the spectrum of white light 
is concave and reaches a maximum at the 
wavelength that corresponds to yellow. 

Sunlight is said to be normal light because 
it contains balanced amounts of all the colors 
of the spectrum, as can be seen from the 
accompanying graph. The light emitted from 
a tungsten filament lamp contains more red 
than yellow or violet; the light of a mercury 
vapor lamp contains more violet than red or 
yellow. A tungsten filament lamp, richer in red 
than sunlight, is classified as hot light because 
red is normally called a hot color. Lights that 
contain more violet tones are called cold. 

In the experiment shown, the spectroscope 
was pointed directly at the sun. If it had been 
pointed at a sheet of white paper, or at the 


white light: the most 
highly colored light 


the glass at different angles. If these rays 
are projected onto a screen at a distance, 
the band of colors known as the spectrum 
will become visible. 

The spectroscope, a scientific instru- 
ment designed to demonstrate this sep- 
aration, will give a much better view of 


rectangle drawn below the spectrum in the 
diagram, the same result would have been 
obtained. This means that an object called 
"white" is one that reflects all the colors that 
it receives. Sunlight striking a sheet of paper 
still contains all the colors of the spectrum 
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PURPLE OR MAGENTA—The light reflected in 
the spectroscope by this color is made up of 
two bands, with the yellow, green, and a part 
of the blue bands missing. The colors that 
remain in the light reflected by the rectangle 
are red, orange, dark blue, and violet. The 
graph for this color crosses the whole spec- 
trum, but has a wide depression in the center 
of the graph. 
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THE CHROMATICITY 


DIAGRAM | 


Colorimeters are instruments used in 
evaluating the color of a surface under 
heterogeneous illuminations. In a typical 
colorimeter, half the field of view is oc- 
cupied by the sample, which is illumi- 
nated in the desired manner. The other 
half is a comparison field whose color can 
be altered by the observer until a color 
match with the sample is established. In 
a colorimeter of the trichromatic type, the 
comparison field contains a mixture of 
red light, green light, and blue light, the 
amounts of which can be varied inde- 
pendently. Inasmuch as only one setting 
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THE CHROMATICITY DIAGRAM—Ordinarily 
the quality of color is specified by three chro- 
matic coefficients, which are defined in terms 
of the color's tristimulus values by the follow- 
ing equations: 
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In other words, each color of the spectrum 
has a triad of numbers that may be used to 
define it. The three coefficients x, y, and z 
constitute the trichromatic coordinates or tri- 
chromatic coefficients. The sum of these co- 
efficients is always equal to 1, thus obviating 
the necessity of specifying all three values. 
Usually, only the first two coefficients, x and 
y, are given for any color, because the third 
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a graphic method of 
representing colors 


for each of the three controls will pro- 
duce a match with a given sample, the 
color of the sample is indicated by the 
amounts of the three primaries used in 
making the match. Such primaries are 
often called basic stimuli, and the color 
of the sample is, therefore, said to be 
specified by its tristimulus values. (For a 
further discussion of tristimulus values, 
see the article “The Theory of Color,” 
beginning on page 54 of this volume.) 

The chromaticity diagram discussed 
here is a graphic method of representing 
the quality or chromaticity of color. 
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coefficient, z, can be obtained by subtracting 
the sum of x and y from 1. Consequently, the 
quality of any color can be plotted on a two- 
dimensional graph or diagram, using the values 
of x and y only. 

If the values of x, y, and z are calculated or 
measured for all wavelengths of the spectrum, 
and the values of x and y are plotted, the curve 
shown in this illustration is obtained. The curve 
has the form of an arc; the wavelengths cor- 
responding to the various points have been 
indicated. The form of this curve depends on 
the choice of the three fundamental colors in 
terms of which the coordinates of the others 
are expressed. This curve is called the locus 
of the spectrum and is drawn in the chroma- 
ticity diagram. This is a diagram plotted in an 
ordinary two-dimensional coordinate system 
in which both the abscissa and the ordinate 
are subdivided into fractions of unity. In fact, 
the locus of the spectrum is completely con- 
tained within a square having a side of length 1. 
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annot t ccomp t E PURITY AND DOMINANT WAVELENGTH—The 
2 ied int chromaticity diagram permits a rather immedi- 
y doe ate determination of some characteristics of 
a color. For example, in this diagram, two 
1 colors, an orange C and a green C’, are repre- 
proxim f sented as points. Because the two colors in 
limit rofs rS ch question are not perfectly pure, they do not 
E 1 occupy positions at the edge of the diagram. 
To determine the wavelengths of these colors, 
the points representing them must be joined 
to the geometric center of the diagram, the 
white point indicated by the letter B, and then 
these lines must be extended backward until 
they meet the edge of the diagram. At these 
intersection points can be read the highest 
spectral wavelengths of the colors under con- 
sideration. In this particular case, the values 
amount to about 5,500 A for the green and 

about 5,950 A for the orange. 

If the position of color C is plotted in the 
chromaticity diagram, the purity of the color 
can be defined as the ratio BC/BL multiplied 
by 100 (because purity is expressed as a per- 
centage). In other words, the closer a color 
lies to the edge of the chromaticity diagram, 
the purer it is. If it lies near the edge, its purity 
is close to 100 percent. In the example, the 
purity of C is on the order of 75 percent, and 
the purity of C' amounts to 60 percent. C, 
therefore, is purer than C’. 
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NONSPECTRAL COLORS—The locus of the 
spectral colors contains a tract, here repre- 
sented by line VR, against which no wave- 
lengths of spectral colors have been written. 
Colors represented by points in the triangle 
VBR cannot be specified directly by spectral 
wavelengths, but these colors can be speci- 
fied indirectly by the wavelengths of their 


COMPLEMENTARY COLORS—The chromati- 
ticity diagram and the locus of the spectral 
colors delimiting it permit the formulation of. 
à rigorous definition of complementary colors. 
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of a greenish blue. 
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COMPLEMENTARY COLORS — The chroma- 
sured in terms of its coordinates and is plotted 
аз a point in the chromaticity diagram, the 
point obtained is known as the color point. 
But what is the color Point of "white," the 
name given to an extensive class of colors, 
8S can be seen in this chromaticity diagram 
Which plots the color points of many whites. 
For example, E is the white point indicated by 
the letter B in the previous diagrams; it repre- 
sents the color of a hypothetical source that 
emits the same energy on all the wavelengths 
of the visible spectrum. A second fictitious 
Source known as Illuminant C is defined by 
the International! Commission of Illuminations. 
The equality of the White light of source C 
if 


If a point C is marked on the locus of the 
spectral colors, the complementary color can 
be found by joining the point C to the white 
center point B and then extending this line 
until it meets the other edge of the diagram. 
The intersection point represents the com- 
plementary color of C, The colors found in this 
particular case are shown in the two circles: 
a yellowish orange is the complementary color 


the green that P lacks can be specified. 
5 


approaches that of sunlight, while the source 
known as llluminant A approaches the light 
emitted by tungsten filament lamps. 

Other diagramed illuminants often taken as 
Points of reference for white light include S, 
the white point of sunlight when the sky is 
perfectly clear. The background light of the 
Sky is blue, distorting the color of the light 
emitted by the sun. The white point of the 
Source, consisting of the sun and the sky's 
blue, is represented by T. When the sky is 
covered by clouds, the light that filters through 
has its white point, represented by the letter 
P. With the exception of A, all these white 
Points are quite close together; A is displaced 
toward the red. If, on the other hand, the light 


complementary colors. For example, if P is 
joined to B and the connecting line is ex- 
tended beyond B to intersect the locus of the 
spectral colors, it reaches a point P. P falls 
in the green part of the spectrum and com- 
plements P; the two colors combined form 
White, showing that P has some chromatic 
components lacking in P. Therefore, P can be 
called a “minus green" and the wavelength of 
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?N: THE QUALITY OF COLOR 
i—Examination of the chroma- 
ids in the evaluation of the 
orints or reproductions. 


In Шиве 8a, three points, B, V, and R, 
are marke side the locus of the spectral 
Colors; th ints correspond to the colors 
of three | is or three colored radiations 
that are u or composing the colors to re- 
Produce г ure. Real colors are involved 
here; ther: these points lie not on the 
locus itself oui somewhat inside it. The colors 
that сап be formed by mixing suitable quanti- 
ties of these three colors are all to be found 


within the ngle BVR; a choice of pigments 
always limits the range of colors that can be 
Obtained. Even if it were possible to obtain 
three pigments whose color points lie on the 
locus of the Spectral colors, a triangle would 
Still be inscribed within the locus of the spec- 
trum, inasmuch as this locus is everywhere 
үшү and always outside a straight line join- 
Ng any two points on it. Consequently, some 
rather large areas of fairly pure colors that 
cannot be reproduced would always remain. 
m Order to overcome this difficulty, the 
МАМ fundamental colors of the International 
aan on Illumination (Illuminants A, B, 
col ) have been chosen from among fictitious 
2198 that lie outside the locus of the spectral 
here The triangle defined by these colors, 
tics, 18, contains the whole of the chroma- 
КАМ lagram—that is, the entire range of pos- 
ih Colors. In fact, the coordinates of these 
(59 colors are (0,0), (0,1), and (1,0). 
Petree the systems for reproducing 
FE. Images are always imperfect. How- 
PRU Scale of merit can be established. The 
ps " honor in such a scale is occupied by 
e elevision (Illustration 8b). The colors 
Сал aa be reproduced on a television screen 
of е better than those obtainable by means 
any other system. In fact, these colors are 


obtained by means of fluorescence, a phe- 
nomenon that makes it possible to have almost 
monochromatic bands. Nevertheless, even with 
fluorescence, color television cannot reach 
the color points lying on the locus of the 
spectral points. In this diagram the positions 
of three possible color points of a color tele- 
vision system are shown. 

The system of color reproduction next in 
order of merit is the one that can be obtained 
by means of the projection of slides (Шиѕіга- 
tion 8c). In this case a luminous image is pro- 
jected on a screen, but the range of possible 
colors is rather more restricted than it was in 


the previous case. This is clearly illustrated 
by the triangle in this chromaticity diagram. 
Last in the order of merit are the color re- 
productions obtained by means of printing or 
painting (Illustration 8d). In fact, the pigments 
that can be used in this case define some 
points that are well inside the chromaticity 
diagram, and the range of possible colors is 
even more limited than in the other two meth- 
ods of reproduction. 
In conclusion, reference must be made to 


x 
the diagram of possible colors in Illustration 2. 
Restraint probably should have been exercised 
in coloring the diagram right up to the locus 
of the spectral colors; in fact, no pigments 
suitable for coloring the areas close to this 
locus can be found; and, even if such colors 
existed, they could not be reproduced with 
the perfection required by the theory. Only 
through spectroscopic examination of the col- 
ored lights in the spectrum of white light is it 
possible to view the purest colors that can be 
perceived by the eye. For this reason, the sight 
of such beautiful colors is always fascinating 
—even though they are seen frequently. 
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THE THEORY OF COLOR 


One of the most interesting character- 
istics of the human eye is the fact that 
it is able to react to the wavelength com- 


ADDITIVE COMBINATION —This illustration 
shows the meaning of the additive combination 
of three radiations. Each of three projectors 
throws a beam of light onto a white screen on 
which the beams form three colored circles. 
The three circles are so arranged as to be 
partially superposed, and a radiation that 
comes close to being white occurs in the area 
common to all three; nevertheless, the color of 
this area is not a perfect white. (The color 
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position of the different radiations that 
strike it. 
In other words, the eye is capable of 


can be made to approach white more closely 
by varying the intensity of the beams.) 

A single color formed as the sum of several 
colors is a phenomenon called synthesis. Be- 
cause the three radiations are “added” on the 
screen, the phenomenon is an additive syn- 
thesis or an additive process. This concept of 
additive synthesis is used to establish the 
principle of color measurement and to define 
the so-called tristimulus values of a color. 


infinite combinations 
of fundamental colors 


different sensations according to whether 
it is struck by electromagnetic light radi. 
ations of short, medium, or long wave 


MEASURING A COLOR BY MEANS OF THREE 
COMPONENTS—With three arbitrarily chosen 
colors it is possible to obtain a triad of num. 
bers that can serve to give a measure of ‘some 
related color. 

The illustration shows the three colors 
chosen as fundamental colors for measuring 
the others. These colors are A, blue, B, yellow, 
and C, violet. Іп whatever proportions these 
three colors are mixed in additive synthesis, 
the color X cannot be duplicated. Even so, û 
method can be devised that will enable mea- 
surement of X in terms of A, B, and C. ЇХ 
could be composed as a mixture of a suitable 
percentage of each of these three colors, 
units of measurement characteristic of A, B 
and C could be chosen, and the three pere 
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COLOR COMPARISON BY SYNTHESIS—This 
illustration shows the principle on which, how: 
ever indirectly, the measurement of color 18 
based. A projector on the left throws а beam 
of light onto the screen; the color of this light 
may be called X. To find a measure for this | 
color, three other projectors are set UP; each 
emits light that has passed through a different 
filter. The three projectors are so arranged 
that their beams will strike the screen at the 
same point. Each of the three projectors is 
fitted with a device that enables the intensity 
of the beam of light to be varied. Thus, if the 
three colors are A, B, and C, any desired quan 
tity of A may be added to any desired quantity 
of either B or C, or of both. 

At this point, nothing has been said about 
the criterion that governed the choice of the 
three colors A, B, and C that are to be com: 
bined so that their sum will be equal to x. At 
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first it may seem possible to choose any three 
Colors; for example, yellow, green, and blue. 
By suitably treating these three colors an in- 
finity of intermediate colors can be obtained 
thus, an equally large number of colors such 
as the color X can be matched. However, no 
end how versatile this method may seem, 

Cannot be used to compose all the colors 
that exist in nature. 7 
ae first extension of the method consists of 
neni the three colors A, B, and C (illus- 
dant. in such a way that they will be evenly 
d uted in the spectrum of white light, 
кары than being concentrated around the 
Wh n pan of the spectrum as was the case 
Atha е three colors used in the first example. 
hes ugh this wider range of basic colors al- 
prod an even larger number of colors to be 
ы luced than with the first three colors 

osen, it still does not produce all colors. 


nsation that corresponds the word color. The word indicates some- express two completely different things. 
т of these different wave- thing that is closer to the psychology of For example, consider the two sentences: 
эпе designated briefly by sensations than it is to physics, and it can “The traffic light is green at this moment" 


леп provide a measure of X. 
ot possible, however, another 
ound that has general validity. 
jot possible to compose X by 
б, but it is possible to match 
4 A, for example, by suitably 
C, In this particular case the 
of X and A yields a purple 
ame color can also be ob- 
a little of B with a lot of C. 
sure of X can be given by 

of color A (with a negative 
ded to X in order to make it 
>r obtained by mixing B and 
portion. This principle, sub- 

choice of the three colors, 
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TRISTIMULUS VALUES OF SPECTRAL curves in this graph, the tristimulus values ot 
COLORS—The definition of the three funda- all the other colors of the spectrum can be 
mental colors that serve to measure all others found. The three curves are called the curves 
was prepared in 1931 by the International of the ICI standard colors. They are repre- 
Commission of Illumination (ICI). These three sented by means of the symbols X, y, and z. 
colors do not really exist; they are "fictitious" It should be kept In mind that whenever the 
colors. By mixing them in appropriate propor- synthesis or sum of two colors is mentioned, 
tions, it is possible to obtain any real color. additive synthesis is inferred. The synthesis of 
Various methods are used to define these two commonplace colors Is obtained by mix- 
three fundamental colors. One of these meth- ing paints or pigments; this is the subtractive 
ods (illustrated) consists of graphing three process of color combination. The color ob- 
curves that represent the quantities of the tained by mixing two pigments is not the same 
three colors needed to compose all the colors as that obtained by mixing two light rays that 
The abscissa of the graph, have exactly the same two colors. The additive 
synthesis of a red and a green, for example, 
of the visible spectrum; the ordinate Shows yields a color that is quite close to white; the 
values that are proportional to the composition mixture of a red and a green pigment, how- 
of the mixture. For example, the light of the ever, yields a brown color. In order to pre- 
spectrum having a wavelength of 5,000 A can dict the color that will be obtained as a result 
be produced by means of 0.0049 of compo- of the additive synthesis of two colors, the 


x , 0.3230 of component y spectrum of the one must be added to the 
laicus oun of component т (green). spectrum of the other; the examination of the 
vee values are called the tristimulus combine’ spectrum then enables deduction of 
values of the color chosen. By means of the the new color. 


therefore, shows the values of the wavelengths 
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and “The cover of this book is green.” In 
the first sentence the term “green” indi- 
cates the quality of a beam of electro- 
magnetic radiation; that is, the composi- 
tion of the beam in terms of wavelength. 
In the second sentence the term indicates 
the property of a body—the property of 


altering the characteristics of the light 
that strikes it so as to transform white 
light into green. In both cases, however, 
the physicist requires a method of mea- 
suring color so that this term has a precise 
physical significance rather than a purely 
subjective meaning. 
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THREE CHARACTERISTICS OF LIGHT RADIA- 
TIONS—As an introduction to the study of 
color, three important characteristics of light 
rays must be considered. These are intensity, 
predominant wavelength, and purity. The in- 
tensity of light can be defined as an energetic 
Property of the beam; the remaining two 
magnitudes, on the other hand, are chromatic 
characteristics. 

Illustration 5a shows four beams of radiation 
falling on a screen that has equal reflecting 
power for light of every wavelength; the re- 
flecting power of the Screen is extremely high; 
the screen is said to be White. It reflects or 
diffuses the light radiation without altering its 
color composition, The four light rays in Illus- 
tration 5a all have the same chromatic char- 
acteristics; all four are pinkish, yet each has a 
different intensity. A thermopile or a bolometer 


would clearly demonstrate that the four beams 
have different intensities (energies) 

The four beams of colored light in Illustra- 
tion 5b have the same intensity of energy, but 
the predominant wavelength is different in 
each case. The first is not a pure green, but 
no one would identify it as any other color. The 
Second beam is blue, the third one reddish, 
and the fourth one yellowish. These colors are 
not the green, the blue, the red, and the yellow 
that can be seen in the spectrum of white light 
but simply colors that are close to them. Never- 
theless, because the Spectral colors closest 
to the four colors shown are respectively 
known as green, blue, red, and yellow, the 
dominant radiation in each case has the color 
of the appropriate Spectral radiation. Another 
fact that must be borne in mind is that the 
radiations of the four beams, by virtue of their 


to be of different 


different colors, appear inte 
intensities even though, from the ро! га 
view of energy each of the four beams 


exactly the same intensity. The fact be 
beam of blue light is perceived as being re 
than a yellow beam is only due to the di 
ntial sensitivity of the human eye. 

К The four bane in Illustration 5c show M 
meaning of purity. The fourth beam eR 
purest of all: it is made up of a spectral yel thé 
The other three beams contain other colo а 
first contains a considerable quantity of | 
colors, so much so that it appears d 
white with a slight yellowish tinge. The Me. 
ere gradually purer—containing decre 
quantities of radiations of other wavelet 
The more nearly a beam contains a v of 
wavelength, the purer it will be. The pu" ү 
the beams increases from the first to the 
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illusions involving hues 


Optical is involving color provide centered in the brain, which interpret a series of Rorschach tests, in which a 
useful c the understanding of two ог make judgments concerning the mes- large number of blackend-wliite pictures 
distinct ries of phenomena affect- sages received. Color is a very important are followed by a sequence of colored 
ing hu: on: physiological phenom- component of these messages; it not only pictures, it has been observed that the 
ena, сє n the eye, where light en- discloses the physical nature of objects interpretations of the black-and-white 
ergy is med into chemical energy in the environment, but it influences hu- pictures may have been unhesitating, but 
for trai over the optic nerves to man reaction to that information. For as soon as the first colored picture is 
the bra »sychological phenomena, example, when a patient is subjected to shown, the patient becomes disoriented. 
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THE EF OF FATIGUE—This illustration 
shows a colored yellow, a hue of great 
spectral If it Is observed for a minute 
or во w. ell illuminated, the receptors in 


the reti nsitive to yellow will become fa- 
ligued. If ihe eyes then move to a completely 
white surface, an area of the same form will 
appear, it will have a purple-violet hue, 
the color complementary to yellow. The eyes 


actually see the area on which it is concentrat- 
ing, minus the very hue that has fatigued the 
yellow-sensitive receptors; this leaves, of 
Course, the sensation of white minus yellow, 
or the complementary color of yellow. The 
fact that the purple-violet area is similar to 
that of the yellow area previously observed 
demonstrates that the phenomenon is physio- 
logical, not psychological—that is, it occurs 
before the image reaches the brain. 

The theory already mentioned is not uni- 
Versally accepted as the explanation of the 
Tesponse of the retina to the stimuli of colored 
radiations. Another theory, which also postu- 
lates three kinds of sensitive receptors, sug- 
gests that the receptors are sensitive to pairs 
MESI? yellow-blue, green-red, and black- 


reappear. It should be noted that whereas, in 
the illusion of the afterimage in the preceding 
illustration, the complementary color only ap- 
peared after the original hue was under ob- 
servation for a period of time, in this instance 
the illusory dark areas appear and disappear 
and reappear with no lapse of time other than 
that required to glance from one part of the 
illustration to the other. 


THE EFFECT OF CONTRAST—If these black 
squares separated by white spaces are ob- 
served, gray areas will appear at the intersec- 
tions, but only at those sections of the total 
area that are not at the center of vision. If 
the eyes are moved to concentrate at the in- 
tersections where the dark areas appear, they 
immediately disappear; and as soon as the 
eyes are moved from them, they immediately 
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INTENSITY—On the left side of this illustra- 
tion, a gray square is surrounded by a white 
background; on the right side, a gray square 
of precisely the same intensity is surrounded 
by a black background. The gray area on the 
left, however, appears to be darker than that 
on the right. This results from a psychological 
interpretation in the brain, which insists on 
comparing or contrasting the smaller Square 
with its background, the larger square. 


This indicates the effect of color on the 
unconscious mind. 

Some colors are considered to have a 
calming effect, whereas others tend to 
excite. Blues and bluish grays, described 
as cold tones, when used to cover a wall 
surface, seem to make a room larger; the 
warm tones ranging from red to yellow 
seem to make a room smaller. Some col- 
ors are easily perceived amid others; 
some remain relatively obscure. Such ef- 
fects are exploited in advertising, in 


In this and some of the following illustra- 
tions, it is possible to test the real against the 
apparent quality of the illusion by masking out 
the areas responsible for the illusion. Thus, a 
sheet of opaque paper in which an area the 
size of the smaller squares has been cut out 
can be set over both larger squares, masking 
them; it then becomes apparent that the two 
gray squares, set within an identical back- 
ground, are indeed of the same intensity. 


which the essential graphic objective is 
to attract attention to particular visual 
subjects. 

In physiological terms, color is per- 
ceived by sensitive elements (receptors ) 
on the retina of the eye. These receptors 
are divided into three categories, accord- 
ing to the hues to which they are sensi- 
tive—yellow, red, and bluish-green 
(cyan). White light stimulates all three 
kinds of receptors; red light stimulates 
only those sensitive to red; yellow only 


COMPLEMENTARY COLORS 
MENTS IN CONTRAST—If а 
against two complementary « 
level of saturation, a strong c 
expected; but considerable 
be obtained with complemen 
saturation. Some spectral coi 
of saturation are shown 
(Each vertical pair, in this 
groups, represents a set c 
colors.) The same colors, b 
of saturation, are shown in 
Illustration 5c appear colors ‹ 
bining several pure spectra 
in hues of medium saturation 
lively. 

These colors are used, in 
tion, for an experiment on the 
color. They are best reprodi 
tempera coloration that will û 
surface, preferably pieces o 
the center of these pieces ‹ 
board can be placed a smalle 
board of a different color. 
pieces are moved from one b 
to another, the change in ti 
becomes evident. An even | 
difficult method, is to apply t 
mentary colors to two sides c 
area and then color the cen 
with the color to be observe 
this method requires a great « 
that the complementary colors 
With each other, but will be di 
line. If this is done carefully, 
contact results between the bac 
and the color under observatic 


those sensitive to yellow; : 
those sensitive to cyan. If 
of any one category becom 
a result of overexposure t 


hue, the eye perceives ano: 


an altered form because the 
ceptors cannot perceive the } 


they are ordinarily sensitiv 


intensity. 
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INTENSITY AND SATURATION—This illustra- 
tion projects an illusion involving the level of 
Saturation of a colored area. The three small 
Squares on each side are Colored with a mix- 
ture of high-saturation green and low-satura- 
tion gray; all six Squares are identical in hue 
and saturation. On the left side they are set 
within a background of low-saturation gray; 
on the right side they are set within a back- 


noted that the backgrounds are, in fact, the 
Components (gray and green) of the mixture 
Providing the color of the small squares. 
Against the gray background on the left, the 


Small squares appear lively and intense; 
against the green background on the right, 
they appear dead, of low intensity. Yet the 
Squares are, themselves, of the same hue and 
intensity—the difference is caused 


if the masking test men 
caption is applied. 

illusion of saturation appears very 
ly in everyday experience. A mod- 
colored object will appear to be vivid 
а gray background, in a fog-covered 
ре, for example; but as soon as the 
Sun dispels the fog, much of the vividness 
while the countryside itself will 


frequenti 
erately 

against 
landsca, 


Will vanish, 


This 


tioned in the previous 


eld : by the 
ground of high-saturation green. It should be contrast of the background, as will be Sem be brighter. 
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ACKGROUND ON COLOR— 
hows how the same color 


‘ifferent when viewed against 


nds. The background colors 
mentary, to provide the maxi- 


in contrast with the color in 


the latter should also be 


nt from each of the back- 


ground colors. Once again the masking tech- 
nique is useful to demonstrate that the central 
colors are identical no matter how different 
they appear before being masked. 

Even the pure spectral colors such as red 
and yellow are very sensitive to the color of 
the background; however, pastel shades pro- 
vide the greater contrast. The low-saturation 


purple in the upper right corner, for example, 
appears very different when seen against the 
brown background from the way it appears 
against the violet background in the panel to 
the left. In any case, pastel shades and mix- 
tures of many colors are more sensitive to 
this effect and seem to differ markedly against 
different backgrounds. 
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ted. 
aperture (secondary radiator) in circular and chromatic wavelengths has been selec 
The light source in this illustration is large and 
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laser) 
concentric fashion and are easily distinguished In Illustration 3e, the light sources equi- 
the radiations are Characterized by two Spec- according to wavelength. When the diaphragm emits radiations that are ебине ру only @ 
tral lines. Such radiations might be produced is replaced by a green filter, only the green distant in a cone that will dee Increases. For 
by a gas-filled tube made fluorescent by an light waves are emitted (monochromatic radia- minute amount as the distance and times the 
electrical discharge. In Illustrations 3a through tion); but these waves are incoherent and the example, at a distance ten thous not even 
3d, the light waves emitted by such a source wave fronts vibrate out of Phase with each beam diameter, the beam кем beams 
are changed as the result of different condi- other. By combining filter and diaphragm, the double. Thus, the laser produces dinary light 
tions. First, a diaphragm with a Small aperture light waves are both filtered and cohered. The more parallel than those from ог re filtered 
is placed in front of the light source. As a wave fronts are thus all in phase and equally sources even when these sources а! 

result the wave fronts are Spread out from the Separated since only one of the two mono- ог cohered. 


EXCITONS AND 
LUN INESCENCES | "rent substances 


The term / cence refers to a dis- 
charge of in the form of light 
radiated fr substance charged by 
an externa! gy source. Prefixes are 
added to tl ı to indicate the type of 
energy cha »e substance that emits 


the light. electroluminescence is 
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valence ban 
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THE EXCITON—A sufficiently energized pho- 
On penetrating certain crystals has the ca- 
pacity to produce an electron-hole pair. The 
Crystal in which the electron-hole pair is so 
Produced is neutral. The electron, however, 
d omine with the hole because of the mu- 
ilon of their opposite charges. In a 
like th sense, the electron-hole pair behaves 
pe: d nucleus and the electrons of a hydro- 
the h от. In the case of the hydrogen atom, 
oer om can occupy different, well-differen- 
s energy states and can, therefore, emit 
A Pectrum. However, an electron-hole pair 

n only absorb energy. Moreover, the energy 
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luminescence caused by electrical en- 
ergy; and photoluminescence is caused 
by light energy. Other types of energy, 
depending on the circumstances, can also 
serve to charge solids. 

Luminescence, a phenomenon that first 
aroused the curiosity of researchers well 


motion 


is absorbed during the formation of the elec- 
tron-hole pair. 

Illustration 1a shows the energy levels of 
the electron-hole pair. The electron is normally 
at the level of the valence energy. The arrival 
of a photon can raise its energy to a higher 
energy level. If the energy of the photon is 
great enough, the electron may even occupy 
the conduction band. А 

The experiment shown in Illustration 1b 
demonstrates that the energy states of the 
electron with respect to the hole are similar 
to the energy states of the electron and pro- 
ton of the hydrogen atom. A source of light a, 


over a century ago, remains a subject of 
research in physics laboratories. Lumi- 
nescence phenomena can be categorized 
either on the basis of the sources of en- 
ergy that produce them, or on the basis 
of the duration of the time interval be- 
tween charging and emission of light. 


such as a high-pressure mercury vapor lamp, 
emits radiations that are filtered by means of 
a small basin b filled with water to eliminate 
a large part of the infrared radiation that 
would heat the specimen. A condenser ¢ con- 
centrates the radiation on the specimen d. 
The specimen is kept inside a cryostat be- 
cause heat affects the outcome of the experi- 
ment. Finally, a second condenser с” concen- 
trates the radiation in the entrance slit of a 
spectrophotometer. 

Illustration 1c is the spectrophotometric 
record of the radiation. It includes five energy 
levels of the hydrogen type. 
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THE MODEL OF A PHOSPHORESCENT SUB- 
STANCE — The phenomenon of phosphores- 
cence is not easy to understand because each 
phosphorescent substance is excited and dis- 
charged differently. The following example is 
rather typical and can serve as a guide to an 


The temporal means of characterizing 
luminescent phenomena is based on the 
time needed for an electron to carry out 
a transition within a free atom. To be 
more specific, an atom of hydrogen that 
has been excited by a collision is charged 
with energy. After a very brief time, the 
atom will be discharged by the emission 
of a photon. The time interval involved 
is on the order of 1078 seconds. Lumines- 
cence phenomena whose radiation time 
is of this order of magnitude are known 
as fluorescence. A typical example of fluo- 
rescence is the light emitted by the crys- 
talline dye fluorescein when it is excited 
by ultraviolet radiations. Phenomena in 
which radiation is emitted after a longer 
time—from millionths of a second to sev- 
eral minutes—are known as phosphores- 
cence, Cadmium sulfide activated by sil- 


ver is an example of a typically phospho- 
rescent substance. 


PRESENT APPLICATIONS 


Luminescent substances have been used 
for several decades in many branches of 


intuitive understanding of how other sub- 
stances phosphoresce. The substance in this 
example is a zinc sulfide activated with a 
monovalent impurity. 

A photon (indicated by a wavy line in Illus- 
tration 2a) enters a crystal and produces a 


science and technology and in the manu- 
facture of domestic appliances. 

One of the first uses of luminescent 
substances was the detection of x-rays 
and cathode rays by oscilloscopes. An 
oscilloscope tube is coated with a lumi- 
nescent coating known as a phosphor. 
The phosphor, which is usually zinc sul- 
fide with about one part per ten thousand 
of copper, or a mixture of zinc and cad- 
mium sulfide, may also contain other im- 
purities that can delay its fluorescence, 
The amount and type of impurities used 
in the phosphor depend on the purpose 
for which the oscilloscope is to be used. 
If phenomena of short duration are to be 
observed, the phosphor should leave only 
a short luminescent trace on the oscillo- 
scope screen. For phenomena of longer 
duration, a longer trace is better. The 
length of time during which the trace 
of the phosphor remains luminous and 
clearly visible after excitation has stopped 
is called the persistence of the phosphor. 

An even more common use of lumines- 
cent substances is the fluorescent lamp. 
The mercury vapor with which these 


hole (shown by the red square) and a free 
electron. This action of the photon is called 
excitation. The electron migrates into the con- 
duction band. 

The hole also migrates within the crystal 
(Illustration 2b). However, it is less mobile than 


lamps are filled emits an intense spectral 
line at 2,537 А (Angstroms) when ex- 
cited. The radiation, however, is not visi- 
ble, and a fluorescent substance is used 
to transform the radiation into visible 


light. The complex halophosphate of cal- 
cium that is used fluoresces with different 
colors, depending on the substance by 
which it is activated. Antimony produces 
a predominantly blue light; manganese; 
an orange light. These two elements, 
when properly balanced, produce white 
light. 

Fluorescent substances are also used 
the picture tubes of television receive! 
which are similar to oscilloscopes in so! 
respects, Picture tubes require phospho 
of very low persistence because the ima! 
must change very frequently. Every ü 
a new image appears on the screen, МЕ 
previous image must be canceled or de- 
cayed completely. Television picture. 
tubes must also have a perfectly balanced 
white light. In view of the very brief pe 
riod of decay necessary for television 1€ 
ception, the problem of what combina 
tion of phosphors to use is very complex: 


the ele 
In th 


id moves more slowly. 
з of its motion, the hole ap- 


proache purity in the crystal and is at- 
tracted illustration 2c). The hole gains 
an elec эт the impurity. This impurity 


is calle ctivator because when it com- 


Pict 


s for color television repre- 


sent more complex problem in 
this т They require the use of as 
many ve different types of phos- 
phors ust be so chosen that the 
mixtu heir emissions will give white 
light mbalance in the combination 
of the hors used could cause an un- 
desira lb! ration in the color reception 
of the The production and use of 
phosphors, as seen in the applications dis- 
cussed here, is a very complex and highly 
refined process, 


FUTURE APPLICATIONS 


Possible future applications of lumines- 
cence have been foreshadowed by recent 
advances. For example, some compounds 
become emitters of light when crossed by 
an ionizing particle, as in scintillation 
counters. These compounds (usually hal- 
ogenides of alkali metals activated with 
thallium or solid solutions of anthracene, 
naphthalene, and terphenyl) are used to- 
day for the detection of ionizing particles 
In experiments in nuclear physics. 


bines with the hole, light is emitted. However, 
the hole combined with the impurity does not 
constitute a neutral whole; it will still attract 
a free electron. The free electron formed from 
the photon continues to move through the 
crystal (Illustration 2d). 


In luminescent processes, two ratios are 
important. The first is the conversion ra- 
tio (the ratio of the induced energy to 
the light energy); the second is the ratio 
of the light energy to the induced energy. 
The latter is a measure of the efficiency of 
the phosphor. All phosphors used today 
are relatively inefficient. The efficiency of 
electroluminescent substances is even 
lower than that of phosphors. Electro- 
luminescent substances in use today are 
semiconductors that have been treated so 
that the electric energy induced in them 
is converted directly into light. However, 
it is hoped that studies now in progress 
will eventually make possible lamps in 
which the emitting element is a semi- 
conductor connected directly to the sup- 
ply network. 

Picture tubes in television receivers 
may someday be replaced by flat electro- 
luminescent screens of any desired size. 
However, the only advanced application 
of electroluminescent substances is the 
construction of photoemitters, small 
lamps that emit light when a voltage is 
applied to them. 


Й Finally, the free electron is captured by the 
impurity from the hole and relieved of an elec- 
tron (Illustration 2e). Energy is again released 
during this process but not in the form of light 
—in the form of infrared radiations and in the 
form of vibrations of the crystal lattice. 


——————_ 


THE PHOTOEMITTER—The photoemitter, when 
subjected to the proper voltage, emits a beam 
of radiation with an aperture of 15°. The wave- 
length of these radiations is about 1.8 шт 
(microns) and corresponds to the wavelength 
to which photodiodes and phototransistors are 
sensitive. 
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LIGHT AND 


To throw light on a concept means, in 
common parlance, to clarify it. Light it- 
self seems so simple. However, light is 
composed of various rays that act and 
react in complex ways. A case in point 
is what happens when light is “thrown” 
on crystals. 

In the phenomenon of double refrac- 
tion, a transparent substance will display 
a different index of refraction, depending 
on the direction of the light’s propaga- 
tion. This phenomenon has many appli- 
cations because the two rays into which 
a beam of normal light divides when it 
enters a crystal are polarized at right 
angles, 

The results obtained by the experi- 
ments that follow can also be obtained 
by means of other arrangements that 
make use of the double refraction prop- 
erties of crystals; the crystal systems, 


CRYSTALS | 


however, display properties that are 
greater than those of synthetic sub- 
stances. To judge a polarizing system, 
the two polarizers are arranged so that 
the second extinguishes the light polar- 
ized by the first. When crossed by a beam 
of light, the first polarizer should allow 
50 percent of the normal light to pass, se- 
lecting only the polarized component. 
The second polarizer, on the other hand, 
should completely stop the beam of light 
that has crossed the first. 

This extinction will occur if both po- 
larizers are perfect, which means that the 
light that strikes the second polarizer is 
stopped completely. However, this is per- 
fection. Actually, it will be found that, 
owing to very small imperfections of the 
crystal or some minor defects (a scratch, 
for example) on the surfaces crossed by 
the light, the pair of polarizers does not 
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NATURAL POLARIZATION—A prism that po- 
larizes light can be produced by exploiting 
the double refraction properties of many sub- 
stances. Calcite is usually chosen because it 
is easy to work with; also, it can still be found 
in large and perfectly transparent pieces. A 
ray of light entering one face of a Nicol prism 
at a certain angle divides into two rays that 
follow different paths, provided the prism has 
been cut from the crystal at a suitable angle 
as shown here. The prism is cut along a diag- 
onal plane and the two parts are glued to- 
gether. The entering beam becomes decom- 
posed into two rays. One is totally reflected 
by this glued plane in such a way that it is 
absorbed by the walls of the prism. The sec- 
ond ray, on the other hand, continues on its 
way without disturbance and becomes po- 
larized. 

The heavy lines in Illustration 1a represent 
the outline of a natural rhombohedron of cal- 
cite. The angle at the base is 71.59, From this 
а second rhombohedron is cut with more ob- 
lique faces; the angle is 68°. The outline of 
this new rhombohedron is shown with a lighter 
line. It is then cut along the plane aa’, which 


forms a right angle with the faces. 

At this point the sides of the crystal are 
also cut until the profile of the rhombohedron 
is reduced as shown. In Illustration 1b the 
section of the entrance face is shown as seen 
from the direction from which the light is 
coming. 

Illustration 1c shows how the glued surface 
of the prism is arranged; the glued joint is 
made of Canada balsam (a purified coniferous 
resin). The glue has an index of refraction 
between the ordinary and the extraordinary 
tay of the calcite. Therefore, if a ray strikes 
the calcite-balsam plane at a suitable angle 
(as shown), the ordinary ray will be totally 
reflected. 

The outer surface of the prism is blackened 
to enable it to absorb the ray it is desired to 
extinguish. 

Illustration 1d shows how a Nicol prism is 
formed. Long and relatively thin, it is capable 
of completely polarizing only a very thin beam 
of light. This liability is common to all the 
polarizing systems, even the most perfect 
dichroic ones. 
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THE PHENOMENON OF DICHROISM—This il- 
lustration shows, greatly enlarged, a lamina of | 
a crystal displaying the property of dichroism: | 
A normal ray of light entering the crystal is 
divided into two components; one is polarized 
in one plane and the other in a perpendicular 
plane. This occurs in all birefringent crystals} 
in most cases, however, both rays will proce® 
on their way through the crystal while under- 
going a small absorption, which is equal fof 
both the rays. (Even the most limpid and trans- 
parent crystals have a small absorption.) d 

Other types of crystal, on the other handi 
have the characteristic of being strongly ар | 
sorbent for one of the rays but only B 
absorbent for the other. If the lamina of "um 
crystal is thick enough, one of the two PO 
larized beams will be practically extinguishe 
and will not pass out of the crystal. 
other beam will pass almost undisturbed. 
crystal with this property is said to be dichroic. 
Tourmaline, for example, because it possesses 
the property of dichroism, can be used to РТА | 
duce polarizers of light because a small thic 
ness is quite sufficient to absorb one of the 
two rays of light. 
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SYNTHETIC DICHROIC POLARIZERS — A 
method for producing synthetic polarizers 
having properties similar to those of natural 
prisms was devised in 1934 by the American 
inventor Edwin Land. These polarizers are 
based on the principle of dichroism. First it 
is necessary to produce a powder of hera- 
pathite crystals. These crystals are dichroic, 
but they display this phenomenon only when 


they are observed in the right direction. 


When immersed in a solution of plastic ma- 
terial, they remain in suspension. This sus- 
pension is then made to flow into a channel 
of suitable form that causes the crystals to 
become oriented; subsequently the solvent is 
evaporated and a plate is obtained. This plate 
displays the property of polarizing just as 
though it were a slice of dichroic crystal cut 


in the right direction (Illustration 3a). 

A more economical method of producing a 
synthetic polarizing sheet, polyviny! alcohol, 
was discovered after the Second World War. 
A sheet of this substance (Illustration 3b) be- 
comes birefringent when it is subjected to a 
permanent elongation by means of a tensile 
stress. However, it is not dichroic: the two 
beams cross the sheet without suffering any 
absorption. If the substance is colored with 
iodine, the sheet becomes dichroic, but it also 
absorbs part of the polarized light, reducing 
the transparency of the polarizer. In many in- 
stances, however, it is convenient to use the 
polyvinyl alcohol polarizer, especially since 
its cost is very low compared to the cost of 
natural crystals. 


^MINAE — The phenomenon of 
on offers the possibility of car- 
* special experiments in regard 
ht. In fact, a birefringent lamina 


o rotate the plane of polarization 


' light through 45° or 90? or 
iher angle. Consider a block of 
substance oriented as shown 
4a. A crystalline lamina of par- 
m is cut from it. The light strik- 
ıa along the direction of the 
»oagated in the direction О. 
1b is the lamina as observed from 
rows indicating the direction of 
the lamina is birefringent, there 
of wave fronts. The first is made 
the second of ellipsoids (seen 
)). Consequently, the extraordi- 
pagated more rapidly than the 
‘he dotted line indicates the di- 
optical axis. 
hand, Illustration 4c shows the 
eceding the extraordinary one. 
wn with the plane of polarization 


vertical; the second, with the plane of polariza- 
tion horizontal. 

The object of Illustration 4d is to show 
how a lamina of a birefringent substance, cut 
as in Illustration 4a, acts on a ray of light. A 
normal beam of light a falls on a polarizer b, 
whose direction of polarization is inclined 45° 
to the right with respect to the vertical. 

An indication at c shows that the polariza- 
tion vector can be decomposed into two direc- 
tions, into vertical and horizontal vectors, so 
that the electromagnetic wave can be repre- 
sented as the result of two component waves 
d. The optical axis of the lamina e of a bire- 
fringent substance is indicated by the dotted 
line. 

The vertically polarized light is propagated 
through this lamina at a greater speed than 
the horizontally polarized light. The waves in 
the horizontal plane are thus retarded with re- 
spect to those in the vertical plane. 

In f it is shown that the light that has 
emerged from the lamina (which has retarded 
the horizontal component by exactly half a 


wave with respect to the vertical one) is polar- 
ized in a different manner from the light that 
entered the lamina. In fact, g, the sum of the 
two components, gives an electric vector in- 
clining to the left rather than to the right. The 
direction of the polarization has actually been 
changed by 90°. A birefringent lamina that has 
the characteristic of retarding one of the polar- 
ized beams by half a wave length while pass- 
ing through it is called a half-wave lamina. Its 
thickness obviously depends on the wavelength 
being considered, because a birefringent sub- 
stance, like any other transparent substance, 
has an index of refraction that depends on the 
wavelength of the light passing through it. For 
example, a half-wave lamina made of mica will 
have a thickness of about 72 um for the red 
radiation of hydrogen. It is relatively easy to 
construct a lamina of the required thickness 
from mica, which splits into thin sheets. A 
lamina of some other material would have to 
be ground down to a thickness previously cal- 
culated on the basis of refraction of the sub- 
stance and amount of retardation required. 
Certain optical experiments call for a re- 
tarding lamina with a thickness that can be ad- 
justed to the wavelength being used at the 
time and the amount of retardation sought. 
Such a lamina can be constructed by using 
two quartz wedges arranged as shown in Illus- 
tration 4e. The outer faces of the wedges re- 
main parallel while the wedges slide toward 
each other or apart to adjust the thickness. 


67 


68 


THE INTENSITY 


OF SOUND | 


The rustling of the leaves of a tree moved 
by a light breeze and the roar of a jet 
engine are opposite extremes of the sound 
intensity the human ear can perceive. 
The ear cannot hear sounds weaker than 
the light rustling of leaves, while noises 
louder than that of a jet engine are not 
heard as sounds but felt as painful sensa- 
tions. Between these two extremes is a 
range of perceptible sounds whose in- 
tensity can be analyzed. 

The ear distinguishes several charac- 
teristics of such sounds, including the di- 
rection from which the sound is coming, 
its pitch, and (within certain limits) what 
kind of source has emitted the sound. 

To understand what intensity means, 
as applied to sound, the nature of sound 
and how sounds are generated must be 
1 


HOW A SOUND IS GENERATED—A tube filled 
with a gas is closed at one end by a piston (11- 
lustration 1a). The piston can slide freely in- 
side the tube, which is filled with air. The air 
is represented by means of the molecules of 
the gases that compose it (the molecules are 
actually much smaller and closer together than 
they appear in the illustration). It is assumed 
that the density of the molecules is approxi- 
mately the same throughout the tube. 

In Illustration 1b, the piston is moved rapidly 
to the right. The density of molecules near the 
piston is increased, thus increasing the pres- 
sure in this area. This compressed air tends to 
expand into the air next to it. Thus, in a short 
interval of time, the high density zone of air 
molecules moves toward the right. 

In Illustration 1c, the piston is withdrawn to 
its initial position, and some of the air mole- 
cules rush into the empty space the with- 
drawn piston has left in the tube. However, the 
air molecules moving to the right have caused 
the compression of the air they have encoun- 
tered on their way, and this compressed zone 
of air, in turn, causes compression even fur- 
ther to the right. Therefore the compression 
has "become propagated.” 

Illustration 1a’ represents the Pressure of 
the air (ordinate values) at points along the 
tube. Since the pressure is assumed uniform 
(and equal to atmospheric Pressure) at all 
Points along the tube before the piston is 
Moved, the pressure is represented by a 
straight line. 

After the piston is moved rapidly to the right, 
the pressure at points immediately to the right 
is greater than atmospheric pressure (Illus- 
tration 1b’). Further to the right, however, it 
remains unchanged. This is represented by a 
peak in the position where the pressure has 
increased. 

After the piston is returned to its initial posi- 
tion, some molecules have rushed into the 
empty space left by the piston, but the pres- 
sure remains lower in this area. The area of 

compression has, meanwhile, moved to the 
right (Illustration 1c’). 


how sound is generated and 


how its intensity is measured 


considered. If a piston is moved back and 
forth rapidly inside a cylinder, it alter- 
nately compresses and rarefies the air in 
the cylinder. The points at which the air 
is compressed or rarefied do not remain 
fixed, but move toward the open end of 
the cylinder. If the ear is placed against 
this end of the cylinder, a sound is heard. 
The longer and more rapid the stroke of 
the piston, the greater will be the com- 
pression and subsequent rarefaction of 
the air, and the louder (or more intense) 
the sound. 

The expression “a sound strong enough 
to split the eardrums” is not an exaggera- 
tion. If the pressure of a sound wave is 
great enough, the membrane that closes 
the outer eardrum will be tom by the 
thrust of the compressed air in the sound 


Continuous moving of the piston back and 
forth causes successive compressions and 
rarefactions of the air inside the tube. The 
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but its qeentitative measurement gives а 
the energy contained by the 


measure ‹ 
sound w= =. A square centimeter of a 
surface » od close to the exhaust of a 
jet engin 11 have to remain there for 
twelve he before the quantity of energy 
jt receiv: the form of sound waves will 
be suffic: to raise the temperature of a 
cubic cer 'ter of water by one degree. 
(The en: ‘yom the sound alone is con- 
sidered; heating due to exhaust or 
other ei s is neglected.) 

MEAStU SOUND INTENSITY: 
THE Р E 

The int: of a sound is the amount of 
energy ! transmit to a surface area 
of one 5 centimeter in one second. 
This sta; 1 of measurement is used in 
physics riments. In practice, a sim- 
pler sys: If measurement is used. Since 
it is usi meaningless to measure the 
intensit sounds that cannot be per- 
ceived } he human ear, the 0 point of 
the sca! chosen to represent the in- 
tensity und that is just at the thresh- 
old of ility. A sound level 10 times 
more in (that is, a sound that sends 
10 tim e energy to a given surface 
than t! rely audible sound) is indi- 
cated h number 10 on this scale. A 
sound t 100 times more intensive than 
the Баг dible sound is given a value 
of 20. nd 1,000 times as intense is 
given ıe of 30. This scale is thus 
logarit! The units are called decibels 
(or ten vels, after the American phys- 
icist Ale onder Graham Bell). Thus the 
intensit a sound in decibels is given 
by the ic wing equation: 


db = 10 log (1/1), 


where db is the value in decibels, (1/1) 
is the ratio of the intensity of the sound 
being measured to the barely audible 
sound that is used as a base (and given 
a value of 0 db as stated above), and log 
presents the logarithm to the base 10. 
Sounds sufficiently intense to cause 
pain to the human ear have an intensity 
of at least 120 decibels. This means that 
their intensity is about a trillion times 
greater than that of barely audible sounds. 
Water transmits sounds like air, but 
the speed of transmission is much greater 
—L44l m/sec (about 4,750 ft/sec) in 
water compared to 332 m/sec (about 
1100 ft/sec) in air. The reception of 
Sound and the measurement of sound 
intensities underwater are carried out 
with special instruments. For example, 
Sonar (an acronym derived from the ex- 
Pression “sound navigation ranging”) is 
an instrument that uses acoustic means 
to localize submerged objects and to sur- 


vey the ocean floor. Sonar consists essen- 
tially of two elements: a transmitter that 
is placed in the keel of the ship and that 
sends sound pulses toward the sea floor, 
and a receiver that registers these pulses 
if they are reflected by some obstacle. 


THE ENERGY OF SOUND WAVES—lllustration 
3a shows a cylinder filled with air in which a 
sound wave is being propagated. At the point 
where the air is most dense, the molecules are 
moving to the right. However, these molecules 
do not travel far because as they move to the 
right, they collide with nearby molecules, push 
them to the right, and themselves bounce back- 
ward. The molecules they have struck move 
to the right in turn, collide with other mole- 
cules, and so forth. Thus a sound wave con- 
tains energy for two reasons: because the air 
in the wave is compressed (and can perform 
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INTENSE AND WEAK 
SOUNDS—Illustration 2a 


represents an intense 
sound. The vertical lines 
represent the density of 
the air. They are closely 
spaced where the air is 
compressed and far apart 
where it is rarefied. This 
is represented by a curve 
(Illustration 2a’) that rises 
and falls sharply. 

Illustration 2b repre- 
sents a weak sound that 
corresponds to relatively 
little compression and 
rarefaction of the air. 
The variations of pres- 
sure are shown in Illus- 
tration 2b', a curve that 
rises апа falls less 
sharply. 


The sonar instrument measures the time 
that elapses between the transmission of 
the pulse and the reception of its echo. 
The speed of sound in water is known; 
therefore, the depth of the obstacle can 
be calculated. 


work as it expands); and because it contains 
molecules in motion. 

How the energy of a sound wave is observed. 
When the compressed air shown in Illustration 
3a reaches the piston that is free to slide in- 
side the cylinder, it pushes the piston to the 
right (Illustration 3b). The piston is displaced 
a certain distance to the right due to the force 
exerted on it. The energy needed for this work, 
which is equal simply to the force exerted 
times the distance moved, came from the 
sound wave. 
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THE CHARACTERISTICS 


OF SOUND 


Why can the sound of the human voice 
be caressing, while the sound of a nearby 
jet aircraft is unpleasant to the ear? Why 


1 


THE PRESSURE DIAGRAM OF A SOUND 
WAVE— Changes in atmospheric pressure are 
often the harbingers of changes in the weather. 
These changes are measured by a barometer 
(from the Greek word barus, meaning "'heavy"), 
an instrument that registers variations of atmo- 
spheric pressure with considerable accuracy. 

The pressure of the air changes when sound 
waves travel through it, but a barometer does 
not succeed in registering these variations; 
this is due not only to the fact that the pres- 
sure variations are usually quite small, but also 
because they occur with such rapidity that 
the instrument is unable to respond quickly 
enough, 

Nevertheless, certain instruments are capa- 
ble of measuring the pressure variations that 
result from the passage of sound: some of 
these transform the pressure variations into 
weak electric current that is multiplied by an 
amplifier. When a musical note is played on 
an instrument, any instrument, the ear hears 
the note because it responds to a rapid alter- 
nation of compressions and decompressions 
of the air. This alternation can be well repre- 
sented by a sinusoid (Illustration 1a). The line 
tepresenting the axis of the sinusoid is placed 
at a height that corresponds to the value of 
the average atmospheric pressure. The graph 
is a pressure diagram of the sound wave. A 
Pressure variation such as this produces an 
impression of sound that can be quite pleasing. 

A pressure diagram that is characterized by 
a sudden increase of pressure followed by a 
slow return to normal atmospheric Pressure 
corresponds to a sensation of noise (Illustra- 
tion 1b). Only by observing the pressure dia- 
gram of a sound source is it possible to pre- 
dict approximately whether the sensation felt 
by the listener will correspond to a pleasant 
sound or a noise. 
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different aspects of 
the same phenomenon 


is the former called sound and the latter 
noise? Why does a musical note played 
on one instrument sound different from 
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THE INTENSITY OF SOUND—Intensity is an 
extremely important and distinctive charac- 
teristic of sound. The intensity of a sound is 
understood to mean what is commonly de- 
Scribed by the word loudness: a sound is 
easily heard when it is loud or Strong, but dif- 
ficult to hear when it is soft or weak. A pres- 
sure diagram indicates what the intensity of 
a sound consists of. For example, Illustration 
2a is the pressure diagram of a sound of weak 
intensity emitted by a musical instrument; Il- 
lustration 2b represents the same note played 
loudly. In the second case the pressure dia- 
gram still has the form of a sinusoid, but the 
amplitude is now greater than it was before. 
Intense sounds are those in which the pressure 
rises and falls a long way above or below the 
average atmospheric pressure. However, the 
phrase "a long way” still refers to extremely 
small variations of pressure; if the atmospheric 
pressure is of the order of 1 kg/cm? (about 
14.2 Ib/in.?), the increase of pressure (as well 
as the corresponding decrease) associated 
with the most intense sound that the human 
ear is capable of hearing will amount to a 
little less than 0.3 g/cm? (about 0.137 Ib/in.?). 
This is the pressure increase in the immedate 
neighborhood of a jet engine operated at max- 
imum thrust (Illustration 2c). 

In a quiet environment when human ears 
can hear the noise made by a mosquito (Illus- 
tration 2d), the pressure variations of this level 
of sound intensity do not exceed more than 


the same note played o other instru- 
ment even when the in: of the two 
notes is the same? The 1 other dif- 
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two ten-billionths of a kil | per square 
centimeter, or two ten-billi of the atmo- 
spheric pressure. The то! ; of air that 
transmit this extremely wea id move for- 
ward and backward in the ction of the 
propagation of the sound, | з they do in 
the case of all sound waves n, the sound 
alternately compresses an fies the air. 

In the case of a sound as as this, the 4 
movement (forward and baci ) of the mole- 
cules amounts to one billior 1 centimeter. 
In other words, the altern lisplacement 
of the molecule amounts tc nore than a 
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tenth of its diameter. The average wavelength 
of visible light amounts to as little as half a 
thousandth of a millimeter: the sound wave 
made by a flying mosquito causes an alternat- 
ing displacement of air molecules that is fifty 
thousand times smaller than this wavelength. 
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UND—The pitch of a sound 
is wavelength. A sound is 
; pressure diagram consists 
nany closely spaced peaks, 
having a brief period (Illus- 
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for communication among human beings; 
music is a source of pleasant sensations 
that the ear transmits to the brain. How- 
ever, the need for transmitting the human 
voice over long distances and for repro- 
ducing and transmitting music raises spe- 
cial acoustical problems, some of which 
are discussed in this article. 


particular point: the pressure variations then 
become propagated from that point, spread- 
ing into space at an established and definite 
speed. The speed of propagation in air at 
0? C (32? F) and at standard atmospheric pres- 
sure is about 331 m/sec (about 1,087 ft/sec). 
The exact numerical relation between the 
wavelength (or sound frequency) and the pitch 
of sound form the principal subject matter of 
musical acoustics (see p. 76 of this volume). 
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THE TIMBRE OF SOUND—A note sung by the 
human voice does not sound like the same 
note played on a musical instrument, even if 
the notes have the same pitch and intensity; 
and the note played on one instrument does 
not sound like the same note struck on a dif- 
ferent musical instrument. The difference is 
timbre, a characteristic produced by the form 
of the wave in the pressure diagram. The pres- 
sure diagrams refer to sounds identical only 
in pitch and intensity: Illustration 4a corre- 
sponds to a sound with a perfectly sinusoidal 
pressure diagram, reproducible only with a 
special instrument such as a tuning fork. Illus- 
trations 4b and 4c represent the sounds of two 
different instruments. 
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THE FREQUENCY SPECTRUM OF A SOUND 
AND ITS TIMBRE—Periodic phenomena such 
as those represented by pressure diagrams of 
sound can be analyzed by means of a method 
discovered by the French mathematician Jean 
Baptiste Fourier. The almost sinusoidal form 
of the pressure diagram can be imagined as 
the average form of sinusoids of different fre- 
quencies, each of which has a distinctive am- 
plitude of its own. For example, in the case of 
the sound emitted by a violin, the pressure dia- 
gram is only approximately sinusoidal; it is 
really considerably deformed. This form can 
be obtained by summing the three sinusoids 
shown in Illustration 5b. The superposition of 
these three distinct sounds, which the source 
emits simultaneously and in phase with each 
other, gives rise to the wave form shown in 
Illustration 5a. In phase means that the various 
points of the different sinusoids are always 
summed in the same manner at regular inter- 
vals of time; if they were emitted by three dif- 
ferent sources, they would not give the sensa- 
tion of a single sound and would be perceived 
as three sounds with distinct timbres. 

The frequency spectrum of a sound is the 
diagram that shows the relative abundance of 
the different frequencies present in a com- 
pound sound. In the case of the sound emitted 
by a violin, it consists of three vertical seg- 
ments, each of which represents the intensity 
of one of the three sounds that make up the 
compound sound. The term spectrum is de- 
rived from the analogy with the optical spec- 
trum and the mass spectrum. 

The human ear is extremely sensitive to 
timbre: the famous violins constructed by 
Stradivarius and the Amati families at Cremona 
produced the same notes as all other violins, 
but their timbre was such as to confer on any 
kind of music a quality that was quite unmis- 
takable and that remains unff}gettable for 
those who have heard it. 
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WHITE NOISE—The rumble of traffic as heard 
by someone high above it, the roar of a water- 
fall, the thunder of exhaust gases rushing vio- 
lently out of a rocket nozzle: all these (Illus- 
trations 6a, 6b, and 6c) have a wholly distinc- 
tive timbre. In fact, all these noises consist of 
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THE PURITY OF SOUND—In a telephone booth 
(Illustration 7a) on a busy city street, listening 
to the voice of a person speaking at the other 
end of the line, the voice may sound indistinct. 
This is partly due to the fact that the white 
noise of traffic reaches the ears at the same 
time as the voice is heard. What other trans- 
formations may this voice have undergone in 
the process of being transmitted? The appro- 
priate pressure diagrams answer the question. 

Illustration 7b shows the form of the wave 
of the voice at a short distance from the mouth 
of the person who is speaking (assuming that 
he is speaking in a silent environment). 

This pressure diagram of the sound wave 
will already be transformed by the telephone 
circult; when the voice arrives at the ear of 
the listener, its intensity has been reduced 
and the high and low frequencies of its Fourier 
sum have been cut off, 

Illustration 7c is the pressure diagram of the 
Voice heard at the other end of the line; the 
curve includes the white noise. All sounds 
heard are mixed with white noise; the more 
a sound is characterized by the absence of 
white noise, the purer it is said to be (because 
it is less altered). The rustling sound produced 
by a phonograph pickup when Playing a record 
where the grooves have been worn by pro- 
longed use is another form of white noise. 


equal quantities of all the possible and imagin- 
able frequencies rather than of a few frequen- 
cies as in the case of the violin. The curve rep- 
resenting the distribution of these many various 
frequencies is, therefore, a horizontal straight 
line: by analogy with optics, where a curve of 
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THE DOPPLERSEET ECT 


Its horn ing, a diesel locomotive waves is different because of the relative 
speeds to: a person standing by the motion of their source—the horn on the 
track. To person's ears, the sound locomotive—toward and from the fixed 
rises in ; as the train approaches, position of the observer. With proper in- 
reaching scendo toward the point struments, the same effect can be ob- 
where he is, As soon as the locomo- served with other types of emanations, 
tive pass sound of the horn drops such as visible light, ultraviolet waves, 
in pitch frequency of the sound radio waves, and infrared radiation. This 
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THE DOPPLER EFFECT—The principles of the 
Doppler effect are shown in this illustration. 
A complete explanation of this effect would 
require a discussion of relativity; a practical 
understanding, however, can be obtained from 
the examples and comparisons described be- 
low. It should also be remembered that the 
Doppler effect occurs with both sound and 
electromagnetic waves, but there is an addi- 
tional complication with sound waves. The 
speed of sound becomes added to (or sub- 
tracted from) the speed of the air within which 
the sound is propagated. The speed of light, 
of course, is quite independent of the refer- 
ence system. 

To begin, examine the wave presented in 
Illustration 2a. A is the source; B is the posi- 
tion of an observer. They are separated by a 
certain distance. A radiates at a frequency 
whereby B receives the first wave just as A 
is emitting the fifth wave. This fifth wave 
reaches B a certain time after the observer 
has received the first wave. 

In Illustration 2b, the situation is changed. 
A is emitting at the same frequency as before, 
but is moving toward B. The five waves emit- 
ted are compressed into the shorter distance 
A'B. Since B receives those waves at shorter 
intervals than before, they occur at a greater 
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ANALOGY—Many problems 
cerned with waves can be ex- 


plained simply by a hydraulic analogy. ear to have a shorter 
This illi ›п shows a section of beach Hea i a PB 

with oc ives breaking on it. An observer In Illustration 2c, B is moving toward A. He 
oan Col e number of waves coming in|} wil receive the last wave sooner than he did 
each mi for example, 10 waves a minute, || in the first example and the frequency (waves 
Or a wave «very 6 seconds. If the same ob- per minute) will appear to have increased. 
server puis out In a fast boat, perpendicular Illustration 2d shows both A and B moving 


to the incoming surf, and counts the waves 
again, he will count many more than 10 waves 
a minute. If he turns the boat about and heads 
back in toward the beach—counting the waves 
again—he will find fewer waves per minute 
than he counted from a fixed position on the 
beach. If he slows the boat to the exact speed 
of the incoming waves, his count will be zero; 
he and the boat will be either in a trough or 
On a crest, passing no waves. Seamen have 
Practiced this technique for centuries when 
met with violent storms, pointing the bows 
of their ships in the same direction the waves 
are moving. This direction frequently coin- 
cides with the direction of the wind; fewer 
Waves are encountered and their force is less 
violent against the ship. 

The scientific point of this example is that 
motion relative to the source of wave propaga- 
tion causes a change in the frequency of the 
waves encountered by the observer. This 
Change is the Doppler effect. 


toward each other. The distance between 
them is decreased from AB to A'B', The fre- 
quency of emissions observed by B will thus 
be even more rapid. 

A more complicated case is shown in Illus- 

tration 2e. Here, A and B are close together, 
but B receives the radiation by means of a 
reflection from mirror S. If neither A nor B 
change position, A will emit 10 waves before 
B receives the first one. 
Expanding on Illustration 2e, assume that 
the mirror S is in movement toward A and B; 
that it goes from S to S' during the time A is 
emitting 10 waves. The waves will arrive at B 
more frequently than before and thus will ap- 
pear shorter. 

Illustration 2f shows a different situation. A 
(the radiation source) moves from A to A 
while it is emitting. The frequency of waves 
received by B will therefore be increased. 

In Illustration 29, B moves away from A 
(from B to B/) during wave propagation. If an 
observer receives the first wave at B and the 
last wave at В’, the frequency of the waves 
will appear to be reduced, and their wave- 
length to be longer. 

For electromagnetic waves, the formula 
must take into account the theory of rela- 
tivity: the speed of light is constant. Let the 
frequency observed be fo, the frequency emit- 
ted by the source be fe, let v be the relative 


the radiating source and the position of 
an observer is called the Doppler effect, 
after the Austrian mathematician C. J. 
Doppler. It is a phenomenon easily un- 
derstood, with many significant examples 
in everyday life. 


movement alters frequency 


phenomenon is of tremendous value be- 
cause of its scientific and practical appli- 
cations. Many radiation sources are in 
motion relative to an observer: on an 
atomic scale, on the human scale, and 
on an astronomical scale. 

The change in frequency of radiations 
emitted because of the relative motion of 


speed between the source and the observer, 
and c be the speed of light. The formula given 
is = f, V (с + v)/(c — v). Moreover, if v 
is much smaller than c, the above formula is 
approximated by f, = f, (1 + v/c). The lat- 
ter formula is usually used, since the speeds 
considered are always much smaller than the 
speed of light. 

The speed of sound, however, is not inde- 
pendent of the motion of the medium in which 
it is propagated and transmitted. If V is the 
speed of sound in the air, W the speed of the 
wind in the direction of propagation, v, the 
speed of the observer, and v, the speed of the 
source, the formula for the observed frequency 
is 


fo = fa /(У + W — у„)/(У + W — ve). 
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ACOUSTIC А 
ample of the 
the variation 
relative distar 
observer Vari 


CATIONS—A common ex- 
Лег effect in acoustics is 
pitch of a sound as the 
tween the source and the 
sh an example was cited 


earlier. Cons! м the situation shown in 
Illustration 3: horn of a car normally 
emits two v ned notes. The pitch of 


r when the vehicle is ap- 
ver and lower when it is 


these notes is 
proaching an 


moving away. reatest variation is at the 

| moment it p: the observer. Illustrations 
2b and 29 ill ) graphically why this oc- 
curs. 

The Dopple t is used in certain kinds 
of ultrasonic ors. Shown in Illustration 
3b is a sonar d navigation ranging) set 
used for loc underwater objects. The 
sonar emits iltrasonic beam directed 
toward the oc: or, and receives the echo. 
An obstacle ! n the instrument and the 


an echo earlier than the 
ihe ocean bottom. If that 
ltrasonic beam is reflected 
»ncy—higher if the object 


ocean floor r 
| one received 
object moves, 
at a different 


is approachin 1 lower if the object is 
receding, 
ÍO C = 

SPECTROSC: \PPLICATIONS — One of 
the most imp: pplications of the Doppler 
effect is me nt of the radial velocity 
of stars anc as. The speed of these 
celestial objc ges from several kilom- 


eters per sec 
eters per sec 
of studying th 


› several thousand kilom- 
milar application is that 
ral emission lines of ob- 


jects in space 

Theoretical emission of light by atoms 
on a single Wî jth should appear as a sin- 
gle and well-: line when analyzed by a 
Spectroscope source of this light and 
the observer at rest relative to one an- 
other, the wa th should be clearly de- 
fined. If this true in application, the 
Spectral line у ! appear as shown in the 
upper part of | ration 4a—as a clear, thin 
line. The inten distribution would accord- 


ingly be observec as shown in the lower part 
of Illustration 4a-—as a clear, thin line. 
T In reality, all atoms are in some state of 
"usd agitation. Some are moving toward 
Чы observer; some are moving away from 
cud As a result, what is actually seen by 
| Ass ns of the spectrograph is a blurred line 
is distribution of intensity blended to 
k and left of the peak. This effect is 
Shown in Illustration 4a’. 
onne radiation emitted by the atoms moving 
у it observer has a greater frequency; 
D Rie emitted by the atoms moving away 
Deus im has a lesser frequency. The spectral 
the E sees therefore appears broader than 
ا‎ леогеісај ideal line: it is composed of 
REUS frequencies, close together but not 
emitt ng with the frequency that would be 
led by the atoms if they were at rest. 


THE DOPPLER EFFECT AND MICROWAVES— 
A radar (radio detecting and ranging) set 
emits microwaves and receives echoes wher- 
ever these waves strike an object. A beam 
of electrons is then directed toward the 
screen of a cathode ray tube, at a point cor- 
responding to the position of the object that 
caused the echo. In a busy airport, incoming 
and outgoing aircraft are controlled by means 
of radar, but there are many more obstacles 
to the radar beams than aircraft alone: echoes 
are picked up from surrounding buildings, 
pylons, surrounding high ground, and other 
stationary objects. To identify moving objects, 
modern radars make an analysis of the fre- 
quency of microwave echoes and emit elec- 
trons to the cathode ray tube only if the 
echoes are received from moving objects. 
Radar sets are also designed for tracking of 
satellites, signaling only those echoes re- 
flecting from an object with a speed cor- 
responding to a selected satellite. 


DOPPLER NAVIGATION—Some navigational 
systems use the Doppler effect to determine 
the speed and distance of an aircraft in flight. 
The illustration shows such a system. Four 
radar beams are emitted. Echoes from beams 
a and b indicate that the ground is moving 
toward the aircraft; echoes from ¢ and d indi- 
cate that the ground is moving away. The dif- 
ference between these two speeds provides 
data to a computer that calculates the dis- 
tance covered by the aircraft. Displacements 
in the direction of the axis T (indicating rota- 
tion of the airplane) are calculated by measur- 
ing the difference of displacements between 
a and b, and c and d. The Doppler navigation 
system is one alternative to an inertial naviga- 
tion system. It permits taking into account ma- 
neuvers of the aircraft and wind drift caused 
by crosswinds. 


Illustration 4a" shows this effect in an actual 
spectrograph. The atoms are in disorderly 
movement because the source is extremely 
hot—a voltaic arc (the photograph is greatly 
enlarged). 

By measuring the width of such spectral 
lines, it is possible to deduce the temperature 
of stars, This has been done for many years 
and astronomers have become familiar with 
the temperatures of stellar atmospheres. 

The Doppler effect also makes it possible 
for an observer to determine the thermal 
structure of a source. In the case of a voltaic 
arc, the central part is much hotter than the 
periphery. An example of this is shown in 
Illustration 4b. The spectral lines emitted by 
the central part have a wide distribution dia- 
gram. The peripheral part emits thinner lines 
because the plasma of the arc is cooler. A 
well-known law of physics states that a gas 
can emit and absorb the same radiation; the 
peripheral plasma in Illustration 4b, therefore, 
absorbs the radiation of the central plasma 
in the range corresponding to the central dia- 
gram. The resulting intensity distribution is 
shown on the right of the illustration. 

Illustration 4b’ is a photograph (also greatly 
enlarged) of the reabsorbed spectral line of 
the voltaic arc. A spectral line having this 
kind of distribution intensity is sald to be 
inverted. Structures with a much larger num- 
ber of thermal shells can be analyzed by this 
method. 

Stars rotate about a central axis. Various 
points of the stars’ surfaces have speeds rela- 
tive to an observer. The Doppler effect is used 
to measure this phenomenon and thereby de- 
termine the speed of rotation. 
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MUSICAL ACOUSTICS 


undisturbed position 


VIBRATING STRINGS—As far back as two 
thousand years ago, Pythagoras discovered 
that the musical note emitted by a vibrating 
string is closely related both to the length 
of the string and to the tension under which It 
is strung. Provided that the mechanical char- 
acteristics of a string are known, a simple 
mathematical formula gives the frequency with 
which the string will vibrate under the influ- 
ence of an external source of energy. In prac- 
tice, however, the frequency of vibration is 
quite different from the fundamental frequency. 

Illustration 1a shows the characteristics that 
must be known in order to analyze the vibra- 
tlon of a string. / is the length of the string, 
m is the mass of the string per unit length, 
and F is the force, or tension, exerted on the 
string. The following conditions must exist: the 


supports to which the string is attached at 
both ends are perfectly rigid; the string itself 
is perfectly flexible and its mass per unit 
length is uniform; the tension does not in- 
crease when the string is vibrating, and the 
air through which the sound is transmitted 
does not damp the string's vibration. Under 
these conditions, the fundamental frequency 
їз given by the following formula: 


In practice, however, phenomena arise that 
interfere considerably with the theoretical 
conditions of vibration. The end supports are 
not perfectly rigid, and they do absorb a little 
of the vibration energy. The air in which the 
String vibrates has a slight damping effect. 


air in rapid motion 


nds, a part 
ible to follow 
пез the am- 
stically form, 
string is not 
igth because 
2r. Finally, as 
position, the 
ome of these 
into account 
tor into the 
п, where n is 
and G is the 
ation into ас- 
depends on 
ıe mechanical 
For example, 
account the 
not perfectly 


As the string is fixed at t 
of its length (Illustration 1b) i 
a vibrating motion, which dir 
plitude of the arc it can tt 
The mass per unit length of 
always constant over the tote 
of very small variations in di: 
the string moves from its r 
tension in the string increase 
interfering effects may be ta 
by introducing a correction 
frequency formula: f = fo(1 + 
the harmonic of the vibratic: 
factor taking the frequency v 
count. The value of this forr 
calculating the value of G fror 
characteristics of the syste 
the following formula takes i 
fact that the vibrating string 
flexible but slightly rigid; d is ihe diameter of 
the string and Y the coeffic of elasticity 
of the material of which it is le: 
n^g?d^Y 
= 128PF 
The strings of some stringec 
usually made of gut, which is 
tic than the steel wire of wh 
and mandolin strings are me 
in both types of strings actu: 
quite different from theoretic 
tables take into account the 
cients of elasticity of the twc 
tables are used in the manut: 
instruments. The correction ‹ 
on yet another value when tt 
mitted to the supports is co: 
a third value when the vary! 
the length of the string is 
formula giving the value of ( 
these other disturbing effects 
plex than the formula given. 
An overtight string introduces an excess 
number of overtones, resulting in an unpleas- 
ant sound that Is different from that of a math- 
ematically ideal string. Such an unpleasant 
sound would approach that of "white noise, 
an inharmonious sound containing all audible 
frequencies that is usually produced Rr 
ically. For this reason, strings are made ‘ 
very elastic material. In order to emit a soun 
a string must do more than vibrate; it m 
also transmit sufficient energy to the surround- 
ing air. The string must therefore be of cer- 
tain dimensions. For example, strings emitting 
low frequencies transmit relatively little ЫШЫК, 
to the air. To emit a sound having a fairly hig 
Intensity, such strings must be long. Because 
their inertia must be high for them to Mu 
Slowly, such strings must have a fairly larg 
diameter, which, in turn, implies a large uc 
per unit length, with the consequent deno 
of the strings becoming too rigid. The bas 
strings of a piano overcome this obstacle by 
their design. The string (Illustration 1c) con 
sists of a thin steel core covered with a өр 
winding of high-density copper wire that b 
the string a high mass per unit length and if 
very high surface area in contact with the a 
into which the vibration energy is dissipate? 


truments are 
h more elas- 
plano, guitar, 
Nevertheless, 
quencies are 
ones. Special 
ferent coeffi- 
terials; these 
ге of stringed 
tant, б, takes 
oration trans- 
еа, and yet 
density along 
»sidered. The 
1s a result of 
з more com- 


CYLINDRICA 


—Sounds m 
of columns 
shaped pipes 

Illustration 
umn in vibra 
by a source 
player's lung 
or a motor 
organ), The 
fice from w 
sound simila 
all frequenc! 
design of t! 


be set in fo 
pipe such : 
one end an: 
takes place 
formula 


Illustration 2 
the length, / 


quency at w! 


2 CONICAL AIR COLUMNS 
generated by the vibration 
r contained in variously 


мз a pipe with an air col- 
л the left, air is introduced 
vergy (which may be the 
r in the case of a trumpet, 
pump in the case of an 
orced through a small ori- 

emerges with a hissing 
at of white noise. Because 
resent in white noise, the 
; selects the desired fre- 
ı6 air inside the pipe is to 
bration, or resonance. In a 
one illustrated (closed at 
| at the other), resonance 
frequency given by the 


s the points between which 
? pipe is calculated: v is the 


velocity of the sound wave In the pipe; n is the 
type of vibration. When n=1, the funda- 
mental frequency results; when n is equal to 
an odd integer (3, 5, 7, . . .), higher overtones 
result. 

This formula becomes more complex when 
actual conditions that disturb the pipe's be- 
havior are considered. The first such condi- 
tion is that air motion within the cylindrical 
column sets the outside air in motion, This 
decreases the action of compression and rare- 
faction of the air (indicated by the double- 
headed arrow) that takes place at the closed 
end of the pipe, and thus alters the frequency 
of the vibrating air column. This disturbing 
effect cannot be calculated; only after experi- 
ments on several pipes have been carried out 
is it possible to determine a correction factor 
that can be applied to pipes similar in shape 
to the one used in the experiment; thus: 


=. ды” 
~ 4(I + x) 
where x is the length that must be added to 
the original length of the pipe in order to pro- 


duce the frequency f. An organ (Illustration 
2b) works on the principle of the closed-end 
pipe. The tone quality of this instrument de- 
pends partially on the ratio between the length 
and diameter of Its pipes. 

A slightly different case is that of instru- 
ments where resonance takes place not in a 
cylinder, as in the case of the organ, but in 
an open cone of appropriate shape. Certain 
wind instruments are designed in this manner 
(although others have cylindrical resonators). 
Here, the frequency must be corrected by a 
factor that depends on the opening of the 
conical tube as in the case of the saxophone 
(Illustration 2c). 
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MUSICAL SCALES—In с, the ratio be- 


tween two notes whose uency differs by | 
one whole multiple un! alled an octave; 
that is, eight notes (inc g the end ones) 
with a limit of seven inte There are other 
notes placed at suitable jals with respect 
to these notes that d he interval into 
unequal parts. The fre: of these notes 
is in a ratio to that at c i and is denoted 
by small whole numbe stration 3a is a 
graphical representatior © position of the 
notes used in the comm sical scale. The 
frequency of every note en. The lowest, 
Co, has a frequency of 2 Hz, while the 
highest has a frequen: 902 Hz. At fre- 
quencies below C; m rs can perceive 
no sound, whereas at fre es above 7,902 
Hz, only an unpleasant r з audible. 
The ratios between ote frequencies 
(Illustration 3b) have n that depend on 
иу a n the numerical value of t o. For example, 
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Musical acoust 


, is a branch of physics 
dealing with ti 


4 generation of sound by 
musical instruments, A sound may be 
described аз a vibration of the air—a 
vibration transmitted to the ears. Musical 
Sounds are an assembly of sounds that are 
Pleasing to the ear, 

The most important characteristic of 
а musical sound is its fundamental fre- 
wi which is the lowest note that 

sound contains. The fundamental fre- 
соки ог, more simply, the fundamental, 
ы is indicated by a number. For 
indt it may be said that a musical 

d ш а frequency of 440 hertz, ab- 
aa Hz, which means that the air 

x $ at a rate of 440 times per second. 
"c ы does not often speak of a 
үз "pe of hertz; instead, he calls 
bunt A440, knowing that it is the 
гам ional standard of calibration of 

€ forks and other standards of pitch 
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that are used for tuning musical in- 
struments. 

The description of notes of the musical 
scale in terms of frequencies is only one 
part of the study of musical acoustics. 
Another is the prediction of frequencies 
emitted by musical instruments. In many 
cases these frequencies are emitted by 
vibrating strings, as in the piano, harpsi- 
chord, and violin, or, in other cases, by 
vibrating air columns, as in the pipe or- 
gan and other wind instruments. This ar- 
ticle examines the phenomenon of sound 
emission and, in particular, why the 
timbre, or sound quality, of a given note 
played on a trumpet differs from the 
timbre of the same note played on a 
violin. 


TIMBRE OF 
MUSICAL INSTRUMENTS 


Timbre results from the composition of 
the sound itself. For example, a vibrating 
piano string, if properly tuned, produces 
a particular sound that is identified as a 
specific musical note. This sound is made 
up of a fundamental and overtone fre- 
quencies, which have values correspond- 
ing to whole-number multiples of the 
fundamental. The intensities of these 
overtones are lower than that of the 
fundamental. The overtones modify the 
fundamental, thereby giving the sound 
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its special quality—its timbre. 

Almost every kind of musical instru- 
ment produces some of the same notes as 
other kinds of instruments—but each kind 
of instrument has a different timbre. The 
nuances that make the sound of a Stradi- 
varius more pleasing to the ear than that 
of an ordinary violin are not considered 
differences in timbre. 

Some instruments, such as pianos, ac- 
cordions, and organs, can vary their 
timbre over quite a wide range, so that 
a note played by one of these may be 
mistaken for that of another kind of in- 
strument. Most organs, for example, can 
imitate many different instruments, even 
stringed ones. Music written for an in- 
strument having a single and well-de- 
fined timbre, such as a violin, has a par- 
ticular character, and the composer may 
be concerned with getting his acoustic 
effects from this timbre alone. However, 
the composer's inspiration may occasion- 
ally induce him to make use of the ef- 
fects obtained by varying the timbre of 
the violin. A violin string, for instance, 
changes timbre according to whether it 
is vibrated by bowing or by plucking. 
By means of electronics, magnetic tape, 
and loudspeakers, sounds have been pro- 
duced that have any desired number of 
overtones, thus duplicating the timbre of 
any musical instrument or even creating 
new timbres that cannot be obtained 
from existing instruments. The timbres 
so produced may be either gradually or 
abruptly varied at will. Electronically 
produced timbres open up new horizons 
in musical acoustics—horizons that have 
been only partially explored. 
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ARCHITECTURAL 


ACOUSTICS | 


Architectural acoustics is chiefly con- 
cerned with two problems: the insulation 
of rooms from internal and external 
noises; and the elimination of sound re- 
flection and resonance within the rooms 
themselves. 

Noise within a room may have two dif- 
ferent causes. First, a sound wave propa- 
gated in the air outside the room may 
strike the wall and set it vibrating, thus 
generating a sound wave that can be 
heard inside the rooms; second, machinery 
operating inside a building can cause wall 
vibrations. 

The problem of sound reflection and 
resonance is especially important in the 
design of film studios, concert halls, the- 
aters, meeting halls, and similar struc- 
tures. In these buildings, the proper 
reflection of sound is of paramount im- 
portance. 


INSULATION OF 
NOISE SOURCES 


Noise sources, such as engines and ma- 
chinery, must be insulated so that the 
noises they produce will not be undesir- 
ably high. Bedding the machines on shock 


protection from the 
daily intrusions of noise 


absorbers, like the ones shown in Illus- 
tration 1, will prevent the vibrations 
caused by the machines from being trans- 
mitted to the building itself. However, a 
building can also absorb vibrations that 
the machinery transmits through the air. 
Therefore, it is desirable to insulate the 
walls of a building so that they cannot 
absorb sound waves. This may be done 
by paneling the walls with materials that 
absorb sounds and will not transmit them 
to the walls. 

Vibrations that have been absorbed by 
a building despite these measures will be 
propagated within the building and the 
energy of vibration will eventually be 
dissipated into heat energy. Rigid build- 
ings, such as those constructed with rein- 
forced concrete, transmit vibrations more 
easily than brick buildings. Every con- 
tact surface between brick and mortar re- 
flects part of the vibrations, which are 
then more readily absorbed and dissi- 
pated. Because brick buildings generally 
have a greater mass for a given strength, 
they also absorb more vibrations. In a 
rigid structure, such as a steel ship, it is 
very difficult for the vibrations to become 
damped. The same is true of certain types 


ANTIVIBRATION PADS — Mounting Noisy, vi- 
brating machinery on these rubber shock. ab- 


eS 


Sorbers prevents the vibrations from bei 
transmitted to the building. y 


of buildings. In build » concrete or 
steel, it is important tc nt vibrations 
from being propagate ıe machinery _ 
internal to the structu: 


INSULATION OF I NAL 
NOISES 

Sound can enter a rc | two ways; 
through openings in t ills, such as 


igh the walls 
wave strikes 
eflected and 
: wall. That 
ей by the 
of the room, 
nitted sound 
e wall. To in- 
noises when 
be increased, 


doors or windows; and 
themselves. When a 

a wall, part of it wil 
part will be absorbed 
part of the sound way 
wall will reach the in 
although part of the 

wave will be absorbed 
sulate a room against c 
the mass of the walls « 


walls should be made « rials capable 
of absorbing much of ound wave. 
The most frequently naterials for 
this purpose are: exp polystyrene; 
glass wool; cellulose perforated 
panels of rigid materia ed with ab- 


wool, glass 
table fibers 
ider; panels 
ıwdust; and 
membrane. 
such hollow 
ıe panel and 
ıout deform- 
panel. Con- 
;t communi- 
e to the air 
se materials 


sorbent material; felts 
wool, and animal anc 
held together by a suit 
made of wood shavings 
hollow panels with a fl 

A sound wave that st: 
panels will flex the fibe:: 
compress the membran: 
ing the whole structure o 
sequently, the panel wil 
cate the pressure of the 
on the other side. Some of t! 
are so efficient in absorbing sound that 
they are used to insulate small open tele- 
phone booths in noisy locations. 

Two panels (or two brick walls) sepa- 
rated by a distance are more efficient 
than a single panel or a single wall of 
twice the thickness. This is because the 
sound wave is reflected on the air-wa 
and wall-air surfaces between the panels 
or walls, and part of the sound wave 1$ 
re-reflected into the first wall. However 
it is essential that the two walls should 
not have a point of contact between them. 
In such a case, the vibrations would use 
such a point as a bridge from one wall to 
the other; whereas the air between two 
walls without such a point of contact 
would dampen the sound wave. 

Doors and windows are more perme 
able to sound waves than the walls of à 


INSULATING MATERIALS—These consist of 
Special rock or glass wool (Illustration 2a) or 
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rigid perforated materials covered with absorb- 
ent cotton (Illustration 2b). Such materials ab- 


sorb sound waves and prevent them from being 
reflected, thereby eliminating resonance. 


room. However, as with walls, the thicker 
doors and windows are, the better they 
insulate, A double door, or double glaz- 
ing, insulates sound better than a single 
door or window panel. 

The acoustic insulation of rooms not 
only prevents them from being disturbed 
by outside noises, but also protects them 
from noises generated within the rooms 


because the insulation also absorbs sound 
in the rooms. 


waves produc 


RECOMMENDED SOUND 
LEVELS FOR DIFFERENT 
TYPES OF ROOMS 


There are recommended sound levels for 
certain types of rooms, for example: 25-30 


db (decibels, units of measurement of 
sound intensity) for radio and television 
studios and recording rooms; 35-40 db 
for hospitals, motion picture theaters, 
auditoriums, churches, hotels, homes, and 
classrooms; 40—45 db for small offices and 
conference rooms; 45-55 db for banks, 
department stores, and large offices; and 
50-55 db for restaurants. 


In a large office, where many type- 
writers and business machines are used 
simultaneously, the sound level would be- 
come unbearable unless the internal walls 
and ceiling were carefully lined with 
sound-absorbing panels. 


THE ACOUSTIC PROPERTIES 
OF LARGE AUDITORIUMS: 
REVERBERATION TIME 


When sound waves are emitted by a 
source situated inside a closed room, the 
waves generated by the source are propa- 
gated to the walls. At the walls they are 
partially reflected and partially absorbed. 
The part reflected continues to be propa- 
gated until it reaches another wall, at 
which point the process is repeated until 
the sound wave is completely absorbed. 
If the source continues to emit sound 
waves, the noise level in the room con- 
tinually increases. The intensity of the 
sound inside the room will, therefore, in- 
crease for a certain period of time after 
the source has begun to emit sound waves 
and will stabilize itself at a certain level. 
If the source stops emitting sound waves, 
the intensity of the sound in the room will 
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decrease until it reaches zero as the pre- 
viously emitted sound waves are gradu- 
ally damped. 

The damping is rapid if the room is 
sniall, because the sound waves will be 
reflected frequently. Strongly absorbent 
walls, even in a large room, will ensure 
rapid damping. 

‘An extremely large room with walls 
that are relatively nonabsorbent will en- 
sure quite slow damping. The time re- 
quired for the sound intensity in a room 
to fall to a millionth of its original value 
is called the reverberation time and is 
designated by the Greek letter tau (7). 
A room with zero reverberation time is 
one in which only the sounds emitted by 
the source are heard, There is no echo; 
such rooms are said to be echo-free. 

The most suitable values of reverbera- 
tion time vary with the use of the room. 
A reverberation time chosen to comple- 
ment the types of sounds that will be 
heard within a room will add to the plea- 
sure and ease of listening. Therefore, 
when designing a conference room, mo- 
tion-picture theater, or concert hall, the 
geometric form and absorptive capacity 
of the walls must be so chosen that the 
room will have the desired reverberation 
time. A short reverberation time (less 
than one second) is essential for a con- 
ference room. A longer reverberation time 
would make it difficult to hear the voice 
of the speaker because his voice would 
be obscured by echoes. Some organ music, 
on the other hand, calls for a longer re- 
verberation time, generally on the order 
of two seconds or more. 


ISOLATION PANEL—This type of - 
tration 3a) is portable ig MIA 
almost any situation. The irregular surface of 
the panel shown in Illustration 3b is partic- 
ularly suitable for absorbing and diffusing 
sound energy in a uniform manner. 
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A WALL FOR A RECORDING STUDI 4 th 


sound in a room is to be evenly diffuse! 


DESIGNING THE ACOUSTIC 
CHARACTERISTICS OF ROOMS 


Calculating the acoustic qualities of à 
room is a very difficult matter. If the 
form and dimensions of a room are known 
the approximate acoustic characteristics 
of the walls (whether they will reflect 


wal ERN 
ا‎ the room should be covered with 
with an undulating surface. This will 


ensure that the sound waves are broken up 
and diffused in all directions. If two walls with 


high reflectivity are placed in opposition, the 
room will be filled with resonance. @ 


„т wi an. ا‎ 


Ped. P diffuse the sounds) can be pre- 
ШЫП oe owever, the best method of 
серип ing acoustic characteristics is to 
im "s on a model of a section of the 
ice diss of such experiments, a 
inm ee for the coefficient of absorp- 
рр iffusion for the walls and ceiling 

е determined. Absorption is achieved 


by means of the same materials used in 
insulating a room against external noises. 
Sound is diffused, however, by modifying 
the surface of the walls. If the walls have 
an undulating surface, the sound waves 
will be broken up and diffused in all di- 
rections. It is important that two walls 
with high reflectivity should not be placed 


opposite each other, because such ple 
ment could lead to the establishment of 
stationary waves and the whole room 

could have a resonance similar to that 
occurring in a resonance box. Therefore, 

it is generally undesirable to construct a 
concert hall in the shape of a parallel- 83 
epiped. 
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THE GEOMETRY 


OF FREEDOM 


RESTRAINTS AND DEGREES 
OF FREEDOM 


To know the exact position of a point on 
a straight line it is sufficient to know its 
distance from a point on the same line 
that has been chosen as the origin. Such 
a system has only one degree of freedom; 
that one coordinate (a number associated 
with the distance) is sufficient to fix the 
position of the point. “Degree of free- 
dom” is the name given to the possibility 


THE DEGREES OF FREEDOM OF A POINT— 
Illustration 1 shows how the degrees of free- 
dom of a point are evaluated. Illustration 1a 
shows a point in space. Its position can be 
described by three coordinates: x, y, and z. 
Illustration 1b shows a point lying in a plane. 
One restraint has been imposed on the body, 
which has therefore lost one degree of free- 
dom. As a result, only two numbers are needed 
to describe its position (one less than before). 


1 


freedom and restraint 
translated into numbers 


of a point being displaced on one of the 
three coordinate dimensions. A point that 
is not subject to any restraints will, there- 
fore, have three degrees of freedom. In 
other cases the point may lie in a certain 
plane, on a curved surface, or inside a 
closed box. Such a point is subject to 
restraints; that is, the possibility of its 
moving freely in space is diminished. A 
point is said to have as many degrees of 
freedom as the number of coordinates re- 
quired to fix its position in space, Some- 


A point lying on a straight line—that is, a point 
at the intersection of two planes—is shown in 
Illustration 1c. One number is sufficient to de- 
scribe its position on this line of intersection. 
Two restraints have been imposed on the 
body; it has lost two degrees of freedom. One 
number is therefore sufficient to describe its 
position, Illustration 1d shows a point obliged 
to lie at the intersection of three planes. It can 
only lie at the point common to all three planes; 


what more complicated than a single 
point is a large body consisting of many 
points. Such a system, when left free in 
space, has six degrees of freedom (see 
Illustration 4). 

A four-legged table is a large body and, 
therefore, possesses six degrees of free- 
dom. If three of its four legs are placed 
on the ground, three points will be re- 
strained and the table will thus be de- 
prived of three degrees of freedom, In 
fact, the table is still left with the possi- 
bility of sliding on the ground, in either 
of two perpendicular directions, as well 
as the possibility of rotating. Three co- 
ordinates are, therefore, needed to fix its 
position. The length of the fourth leg 
must be such that its bottom will rest in 
the same plane as the other three—other- 
wise, the table will only rest on three legs 


thus no number is needed to indicate where 
the point is to be found because the position 
of the restraint is known. Three restraints have 
been imposed; that is, the point has been de- 
prived of the three degrees of freedom that it 
originally possessed. 

These illustrations demonstrate the follow- 
ing rule: A free point possesses the maximum 
number of degrees of freedom and will lose 
one of them each time a restraint is imposed. 


A BODY RESTRICTED TO A STRAIGHT LINE 
—lllustration 2 shows a bullet in the barrel of 
a rifle. The bullet is a body that can move 
freely in space, but inside the barrel it can 


move only forward or backward. In this case, 
the bullet is considered to be a body re- 
strained by the barrel. The barrel constitutes a 
restraint that obliges the bullet to travel in a 


straight line. As long as the bullet is in 109 
rifle, its position can be described by spec! ү 
ing the distance of its center of gravity fI? 
the breech of the gun. 


at a time, rather than on four. The addi- 
tion of the fourt!: leg, therefore, does not 
stabilize the ta but rather makes pos- 
sible a movement that was not possible on 


three legs. 
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automobile in a large 
йе can move about in 
occupy any position. It 
nd below the level of 
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е sides of the square 
ir distance of the car 
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mathematically 
are drawn alo 
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from both of t 
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The example given above does not in- 
volve a serious problem. However, in the 
case of a mechanism it may well be that 
it either will not function at all or will 
rapidly deteriorate. The design of a 


numbers will, therefore, describe its position, 
However, this is not sufficient. The automobile 
is not a material point, but rather a large body 
with a well-defined shape. If its four wheels 
are resting on the ground, its nose can be 
oriented in any direction with respect to the 
four cardinal points. To describe this orien- 
tation, a third number must be added that 
will represent the angle formed by the longi- 
tudinal axis of the automobile and one of the 
Perpendicular lines that appear along the 
sides of the square. Therefore, three numbers 
are required, 


| 


ited FREE IN SPACE—As long as an air- 
fg 8 on the ground, its position can 
5 Gas in exactly the same way as in 

шы о of the automobile. If, however, the 
аз man 5 in flight and performing aerobatics, 
E six numbers will be needed to 
ids ae its position and attitude. These num- 
in the f med to fix the position of the aircraft 
Scribe Tol owing manner: Three numbers de- 
its position with respect to the ground. 


“~._] Y altitude of the aircraft. If the aircraft were a 
~~ geometric point, additional numbers would 


A perpendicular is drawn from the center of 
the aircraft to the ground. The point in which 
this perpendicular touches the ground repre- 
sents the horizontal position of the aircraft. 
This position can be described by two num- 
bers a and b, as in the case of the automobile. 
A third number c is needed to establish the 


not be needed to describe its position. How- 
ever, as an aircraft is not a geometric point, 
three additional numbers must be used to 
describe its orientation in space. As shown 
in the illustration, the aircraft is transformed 
into two arrows that intersect at its center; 
one of these arrows r is directed along the 
axis of the fuselage, the other t along the line 
of the wings. This latter arrow goes from left 
to right with respect to the aircraft's motion. 
If the aircraft is performing aerobatics, the 
two arrows remain perpendicular to each other, 
but will have a random orientation in space. 
The orientation of this pair of perpen ar 
arrows is described by defining the following 
three angles: a is the angle formed ру пе 
arrow r with one of the horizontal coordina! : 
axes; B is the angle formed by the [ун 
with a horizontal plane passing роце а 
center of ће aircraft; and Y is the CAU 
by the arrow t with the horizontal plane defin 


in the preceding angle. 


IDEAL RESTRAINTS AND REAL RESTRAINTS 
—The surface shown here is an ideal restraint: 
a body can rest on it, but cannot pass beyond 
it. If the body is pressed against the surface 
with a certain force, the plane will react by 
resisting with an equal and opposite force that 
will stop the body. If the force with which the 
body is pressed against the restraint is in- 
creased, the surface will simply increase the 
reaction with which it opposes the attempt 
to pass beyond it. An ideal restraint will, 
therefore, resist the attempt to pass it—with 
a force that will be sufficient to counteract the 
one pressed against it, no matter how great 
this force may be. A real restraint, on the 
other hand, will eventually break. The top of 
a table constitutes a plane restraint. This re- 
straint cannot be expected to prevent the 
downward passage of a body weighing, say, 
2 tons; the table will collapse. In reasoning 
theoretical mechanics, ideal restraints are 
used. Should a restraint have to be constructed 
in a practical form, the maximum stress to 
which it will be subjected must be determined 
and the restraint constructed to be capable 
of resisting the maximum stress. 
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HOW THE REACTION OF THE RESTRAINT 
COMES INTO BEING—The parallelepiped is 
a solid and rests on a base. It is shown en- 
larged to illustrate what happens at the point 
at which an object is made to rest on its plane. 

The parallelepiped consists of atoms that 
appear at regular intervals. If an attempt is 
made to move the atoms farther apart, or, alter- 
nately, to compress them, they will resist by 
exerting an opposing force. They behave as 
if they were held in place by springs. There- 
fore, if a body is placed against a steel plane, 
the thrust exerted against it will tend to com- 
press the atoms, which will, therefore, press 
against the body just as much as it presses 
against them. 
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UNILATERAL RESTRAINTS—The surface of 
the Earth constitutes a restraint for aircraft in 
the sense that they cannot descend below it. 
However, the restraint is unilateral. It prevents 
an aircraft from descending below it, but it 
does not prevent the aircraft from rising to 
any desired height above it. 


BILATERAL RESTRAINTS—A pair of rails con- 
stitutes a bilateral restraint because it pre- 
vents a train from becoming displaced either 
to the left or to the right of it. Unilateral and 
bilateral restraints can be easily classified 
when the geometric characteristics of the 
bodies that constitute the restraints are known. 


mechanism must necessarily take into ac- 
count the degrees of freedom left to the 
moving parts, As mentioned above, there 
are six degrees of freedom for large 
bodies. The study of the degrees of free- 
dom of large bodies has many applica- 
tions, even outside the field of mechanical 
engineering. In physics, for example, such 
a study allows an investigation of how 
the energy that a molecule receives in 
the course of its collisions with other 
molecules is distributed inside it. 

If a molecule of a diatomic gas is re- 
garded as a large body, it has seven de- 
grees of freedomsix that correspond to 
those of any large body, and one that 
corresponds to the vibrating motion of 
the two atoms moving toward and away 
from each other. 

A system that is made up of three par- 
ticles has nine degrees of freedom, be- 
cause three different coordinates are re- 
quired to specify the position of each one 
of the three particles in space. 


“HOLONOMOUS” AND ANALONOMOUS RE- 
STRAINTS—The plane of the floor of a room 
constitutes a “holonomous” restraint for а 
Chair (Illustration 9a). This means that al- 
though the chair is in contact with the floor 
it can still be dragged to any point in the room, 
on any trajectory. 

An automobile resting on a plane can also 
reach any desired point (Illustration 9b), but 
it cannot always go there by the shortest avail- 


able route. Its steering system permits it а 
follow only certain trajectories (the autor 
bile cannot just slide over the ground). a 
automobile shown at the center of ‘this ا‎ 
tration cannot easily enter the parking space 
at its side, even though this space is SU 


ciently large to accommodate it, because | 
type of restraint to which the car is sulla 
would require it to carry out an excessl 
number of maneuvers in the process. 
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1 body is in a state of 
the resultant of forces 
All bodies possess a 
for reaching a state of 
:mple, a stone rolling 
mountain will stop 
tate of equilibrium. 


IBRIUM 


an agreement 
among forces 


This principle is true for a variety of mo- 
tions, such as the position a pendulum as- 
sumes when it is in a state of equilibrium 
and the reason for the position. 

Further study of the conditions in which 
a state of equilibrium occurs enables en- 
gineers to design stable structures. 


WHAT IS EQUILIBRIUM? 


The first principle of mechanics states 
that (a) when a body is at rest or (b) 
when a body in motion is not subject to 
any forces it will (a) remain at rest or 
(b) continue to move at a constant veloc- 


PRISMS—A prism can 

f its center of gravity b 
that passes through a 
polygon of the prism, 
зааа formed by the inter- 
rfaces with the ground. 
ism shown in Illustration 
ubsists. An example of 
type is provided by the 
which remains stand- 
'ounced inclination. It is 
з solid of homogeneous 
'gular base, that will re- 


main standing in spite of projecting laterally 
beyond its base polygon by an infinite amount. 
The solid could be constructed of bricks or 
similar rectangular objects of equal size. The 
elements should be arranged horizontally, as 
indicated in Illustration 1c, which shows a side 
elevation. The first element is placed in any 
position; the second is placed on top of the first 
in such a manner that it projects by one quarter 
of its length. The third element is placed on top 
of the second in such a way that it projects by 
one fifth of its length beyond the second, and so 
forth. The subsequent elements will project by 


one sixth, one seventh, one eighth, and grad- 
ually less. Illustration 1c shows how the stack 
of elements continues to project laterally be- 
yond its base, and, continuing to infinity, will 
eventually project by an infinite amount. In 
fact, the position of the center of each brick is 
displaced from the center of the first brick by 
the same amount as the sum of the displace- 
ments of each brick with respect to the one 
below it: 1/4 + 1/5 + 1/6 + 1/7 + 1/8 + 
1/9 +... This succession of numbers consti- 
tutes a harmonic series whose sum is not a fi- 
nite number. Therefore, as elements are added, 
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these will always project more and more, with- 
out any limit. The interesting fact is that the 
center of gravity of this stack of objects, no 
matter how high and projecting it may become, 
will always remain on a vertical that passes 
through a point inside the first element; the 
stack will, therefore, remain standing in spite 
of its paradoxical form. The demonstration of 
this fact is not elementary, but it can be veri- 
fied by summing the parallel forces consisting 
of the weights of the first and second elements, 
then the first two and the third, the first three 
and the fourth, and so forth. 
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ity, or with a uniform motion in a straight 
line. Either of these conditions will pre- 
vail only if no forces are acting on the 
body, or if the resultant of forces acting 
on the body is zero. For example, a body 
suspended by a cable is subject to the 
force of its own weight and the pull of 
the cable, the latter of which is equal to 
the weight of the body. The two forces 
have equal intensity; the sum of their ac- 
tions is thus zero and the body remains at 
rest (or, in a state of equilibrium). If a 
body is to remain at rest the forces acting 
on it must completely balance each other. 
However, if a body is subject to forces 
that cancel each other out, that is, equal 
and opposite forces, it does not necessar- 
ily mean that it will be stationary. For 
example, if a table tennis ball is dropped 
from a great height it will attain a con- 
stant speed after it has fallen a few feet. 
From this moment on, the weight of the 
ball and the force of the aerodynamic 


ion of 
upport 


resistance that acts on it are equal and THE EQUILIBRIUM OF A /ULUM—A sl 
opposite; that is, they cancel each other. aa pendulun als a great deal 
Bodies are sometimes subject to various Illustration 2a shows ndulum that Is 
forces, the resultant of which is not that formed by a piece of wo out 40 cm la 
of a single force but of equal forces in- 3 cm wide, and 1 cm tt about 16 X 
fl ۳ Б the body i T. р directi И 0.5 in.). The center of thi oce of wood has 
MORTE i 9 y їп opposite directions, been pierced with a needle so that the ends 
which causes it to rotate. To keep the of the needle project on both sides. At one 
body at rest, another couple of forces of end of the piece of wooc is a lead weight. 


This rudimentary pendulum is suspended from 
two boards that are affixed vertically to a small 
wooden base. The needle serves as a hinge, 
about which the pendulum rotates, and ls 
placed on the two vertical boards. The pendu- 
lum is now free to oscillate. However, its oscil- 
lations are not of interest here, but, rather, the 
Position it assumes when it is in a state of 
equilibrium and the reason it assumes this 
Particular position. As the illustration shows, 
the equilibrium position of the pendulum is the 
vertical one in which the lead weight сопе 
to rest immediately below the suspension poin 
(the needle). " 
If the pendulum is positioned so that it j 
inclined with respect to the vertical, as in ШУ 
tration 2b, it is subject to two forces: the 08 
weight (made ир of the weight of the piece y 
wood, and the lead weight), which is Indicare 
by an arrow pointing vertically downward, al a 
applied at point a; and the reaction of the SUP 
port that sustains the pendulum and acts д) 
ward, indicated by an arrow pointing UpWa 


equal intensity but directed in opposite 
directions must be applied. In the gen- 
eral sense, a body is in a state of equilib- 
rium when the resultant of the forces that 
act on it is zero. For a more complete def- 
inition of the concept, however, other fac- 
tors must be added. 

It must be established whether the 
forces that act on the body do so in such 
à direction as to reestablish the equilib- 
rium if it were to be disturbed, or whether 
the forces would destroy it completely. 
A stick balanced on a jugglers nose is in 
a state of equilibrium, but the slightest 
disturbance will bring it toppling down. 
On the other hand, an object placed at 
the bottom of a receptacle will not fall 
out if the receptacle is slightly inclined. 


c 
reaction of 
the support 
| 
to 
м 
апа of the e length as the first arrow be- 
cause the їс of this reaction is equal to the 


weight of the body. This force is applied at the 

fulcrum b. These two forces constitute а 
couple; that is, they are two parallel, equal, 
and opposite forces, and their effect is that 
of causing the pendulum to return to the 
vertical position. 

The equilibrium of the pendulum is, there- 
fore, a stable one (as shown in Illustration 2c): 
when the pendulum is in the vertical position, 
the weight and the support reaction act along 
the same straight line and the couple has no 
effect. In fact, the two forces act in opposite 
directions along the same straight line and 
cancel each other. 

When another slightly lighter weight is at- 
tached to the other end (Illustration 2d), the 
Pendulum will still be in equilibrium in a verti- 
Cal position. The equilibrium will still be a 
stable one, but less so than in the preceding 
case. 

In fact, point a (at which the weight is ap- 
plied) and point b (at which the support reac- 
lion is applied) are now very close to each 
other, and the couple they constitute is now 
far less effective in straightening the pendulum 
when it is placed in an inclined position. If 
the weights at either end of the center piece 
of wood were equal (or if neither end were 
weighted), the pendulum would come to rest at 
any position in which it was placed—a state of 
indifferent equilibrium. 


aerodynamic 
resistance 


weight 


EQUILIBRIUM IN UNIFORM MOTION—A body 
resembling a dart has been constructed to 
aid in studying the equilibrium of the forces 
acting on a body in motion. This body consists 
of a piece of drinking straw about 5 cm (about 
2 in.) long, as shown in Illustration 3a. A ball 
of lead shot is glued inside one end of the 
straw, making the point much heavier than the 
rest of the straw. At the other end of the straw 
are four fins constructed of pieces of paper 
and glued to the straw. When the dart is 
dropped from a height of a few feet, the speed 
of its descent will become uniform after it has 
fallen a short distance. The interesting thing 
to observe in this experiment is that the dart, 
no matter in what position it is dropped, will 
fall only a very short distance before it as- 
sumes a vertical position with the tail upper- 
most, as shown in Illustration 3b. This illustra- 
tion points up the analogy between this 
system and the pendulum discussed in the pre- 
ceding illustration. The weight of the object 
is concentrated in the point, as represented 
in the figure by the arrow pointing vertically 
downward. On the other hand, the aerody- 
namic resistance acting on the dart is a force 
directed opposite to that of the motion, as 
indicated by the arrow pointing upward at the 
center of the tail. When the speed of the dart 
has become uniform, the two forces acting on 
it are perfectly aligned and equal, and the dart 
thus assumes a perfectly vertical position (as 
in the case of the pendulum subject to its own 
weight and the reaction of the support). This 
experiment illustrates positional equilibrium 
in a uniform rectilinear motion. In an analo- 
gous manner, the stability of an aircraft de- 
pends on the equilibrium between the forces 
(thrust of the engines, air resistance, weight) 
that act on the aircraft by virtue of its motion 
and its particular mechanical characteristics. 


89 


90 


THE COMPOSITION OF FORCES | 7% | 


Although an immobile, or static, object— 
such as a bridge, a building, or even a 
man-is said to be at rest, the object 
is being acted on by a variety of forces. 
Because these forces cancel out each 
other, the object is in a state of equi- 
librium. This state of equilibrium was 
not attained by chance. It was worked 
out in advance by the object’s maker 
through the application of statics, a 
branch of mechanics that deals with 
bodies at rest. 

It is important to know the conditions 
under which a body does not move. All 
static, or nonmoving, structures, such as 
bridges, buildings, and tunnels, are sub- 
ject to the forces of their own weight, 
the weight force of the objects they sup- 
port, the force of wind and sometimes 
of water, the pressure of the Earth, and 
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THE SUM OF PARALLEL FORCES — The 
forces acting on the scales of a balance are 
represented by arrows. In the study of statics, 
it is important to know the sum of the forces 
that are represented by arrows pointing in the 
same direction—or in all directions. In Illustra- 
tion 1a, equal weights have been placed on 
both scales. Each of these weights is repre- 
sented by an arrow pointing downward; if the 
balance is equilibrated, the weights are equal. 
What force is acting on the central knife-edge 
a, which supports the yoke of the balance b? 
Ignoring the weight of the mechanical parts 
of the balance, it is obvious that the weight 
acting on the support of the yoke is equal to 
the sum of the two weights on the scales. The 
resultant force at a is directed downward and 
its point of application is at the center of the 
yoke. Such forces are called parallel because 
they act in the same direction. 


a 


b 


forces of expansion or contraction caused 
by heat or cold. Obviously, the structures 
must remain at rest, regardless of the 2 
nature or number of forces involved. A 
poorly designed tower may lean in the 
wind and fall; a building with a poorly 
designed foundation may be unsafe, as 
one example, because its foundation has 
been undermined by water. The design 
engineer must anticipate all the forces 
that will act on his structure and see that 
they are equalized so that the completed 
structure will be stable. 

Two ways exist to equilibrate the 
forces on a structure. Equilibrium can be 
created through active forces, such as 
weights, or through passive forces, such 
as restraints. From experience, the de- 
signer knows the most important tools of 
structural engineering. 


In a slightly more complicated example 
(Illustration 1b) the two forces that make up 
the resultant have different values although 
they are still parallel. The forces are applied 
to the arm of a kind of balance known as a 
steelyard. The heavier weight is resting on the 
Scale a and the lighter weight b is movable. 
How much weight is acting on the suspension 
hook c? As in the previous example, the 
weight at c is equal to the sum of the two 
weights a and b. What is the position of the 
suspension hook c in relation to the hook 
supporting the movable weight a? It divides 
the distance between the point of application 
of the scale and that of the movable weight 
into two parts inversely proportional to the 
amount of the two weights a and b. Weight 
b, which exerts the smallest amount of down- 
ward force, is farther from the suspension 
hook than is weight a. 
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THE CHINESE WATER CARRIE 
China, water was carried in je buckets. 
When filled, these buckets were so heavy that 
several men were required to lift one of them. 
The Chinese invented a system that allowed 
the buckets to be carried so that each man Cal” 
ried a fraction of the total weight equal to the 
weight of the bucket divided by the number 
of men. In this way, no one could avoid bear- 
ing his fair share of the load. A simple method 
of transportation (Illustration 2a) is to suspend 
the bucket from the middle of a pole and 
place a row of men on either end. This method 
has one serious defect: if a man stoops 
slightly, he can pretend to be bearing his 
share of the weight, leaving the burden to his 
less artful colleagues. 

In the first stage of the development of the 
Chinese method (Illustration 2b), the bucket 
is suspended from the middle of the pole and 
its weight sustained by one man at each end. 
Since each of the two men is the same dis- 
tance from the bucket and the bucket is hung 
from the exact middle of the pole, each man 
bears exactly half its weight. Neither of the 


THE CENTER OF GRAVITY OF A PLANE 
SURFACE—Suppose a triangle of any shape 
has been cut from a sheet of paper. Like the 
metal bar, it can be thought of as made up of 
several elements, each having a weight ap- 
plied to its center. 

How is the resultant of all these forces 
found? Where is its point of application? The 
first step is to simplify the problem. The tri- 
angle (Illustration 4a) is divided into a number 
of parallel strips, all of the same width. The 
center of gravity of each strip will be at its 
center, just as in the iron bar of Illustration 3. 
It does not matter that the angles at the op- 
posite ends of the strips are different. If the 


men car avoid bearing his half of the load 
because if he stoops, the bucket goes down 
with him. If the bucket is too heavy for two 
men, four men can be used. 

In the final stage of the Chinese system 
(Illustration 2c), the pole supporting the weight 
of the bucket is supported at each end by 
a transverse pole perpendicular to the first. A 
flexible joint attaches each of the transverse 
poles to the first suspension pole. One man 
is placed at each end of each transverse pole. 
The weight of the bucket is divided in two 
at each end of the primary suspension pole. 
Each half of the weight is halved again at the 
ends of each of the transverse poles. Here, as 
in Illustration 2b, it is not possible for a man 
to shirk his share of the weight. If he stoops 
too far, the load will touch on the ground, and 
his deceit or exhaustion will be apparent to 
his colleagues. 

The Chinese system can be adapted to 
distribute the weight among any even number 
of men. Illustration 2d shows how the weight 
is distributed among eight carriers. 


THE COMPOSITION OF PARALLEL FORCES 
—This iron bar (illustration 3a) is perfectly 
cylindrical in form. Imagine that it is divided 
into segments of the same length. Each seg- 
ment will have the same weight. The weight 
of the elements is represented by arrows of 
equal length. The weight of the whole bar is 
evidently equal to the sum of the weights of 
the elements. To find this sum, add two by 
two the forces that are equidistant from the 
ends of the bar. The result is that a number 
of segments accumulate in the center of the 
bar equal to half the number of fractions of 
the bar. The arrows in the center (Illustration 
2b) are twice the length of those representing 
each part. The sum of the segments is repre- 
sented by the two-color arrow at the center of 
the bar. The weight of the bar is the resultant 
force due to the weights of all the parts. The 
weight acts through the center of the bar. The 
point through which the weight acts is called 
the center of gravity. 


strips are very narrow, their centers of gravity 
will fall exactly in the middle of the strips, or 
at a negligible distance from it. The remark- 
able thing, however, is that the centers of 
gravity of the strips are in a line and will form 
a median of the triangle. Therefore, the point 
of application of the resultant will fall some- 
where along this median. The same triangle 
is now divided into strips parallel to a different 
side (Illustration 4b). The centers of gravity 
of the strips will form a second median. The 
point of intersection of the two medians (Illus- 
tration 4c) is the center of gravity of the 
triangle. A third median will intersect the 
meeting point of the first two medians. 


b 


Vy 


Ж, 


92 


THE CENTER OF GRAVITY OF A BODY HAV- 
ING COMPLEX FORM—Because of the 
simplicity of their forms, it has been easy to de- 
termine the centers of gravity of the cylindri- 


cal iron bar and a triangle. When the body has 
a more complex form, such as that of an 
irregular solid, the weight forces of all the 
elements into which the body might be re- 


several weight 
calculated for 


duced must be calculated 
forces, for example, must 
the body shown in Illustratio 


AN EXPERIMENTAL METHOD OF FINDING 
THE CENTER OF GRAVITY—The weight of à 
body is always applied at its center of gravity; 
therefore, if the body is suspended at any 
point (Illustration 6a), it will come to rest in 
such a way that the center of gravity is di- 
rectly below the point of suspension. The cen- 
ter of gravity will be located somewhere on 
a plumb line drawn from the point of suspen- 
sion. If the same body is suspended at another 
point (Illustration 6b) and another plumb b 
is drawn from the point of suspension, the In 


tersection point of the two lines is the pe 
of gravity. When a body is regular in form, 


its center of gravity is not difficult to de 
mine, but may involve long and laborious We 
culation. In construction projects, the calcula 
tion of centers of gravity is very important ап! 
is applied in a vast number of ways- 
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arrange these forces so that equilibrium 
is attained and the body to which they 
are applied remains at rest. Adjusting 


of the body (Illustration 1b). The thrust of the 
engine will be directed upward and the body 
will remain in perfect equilibrium. 

Another way of equilibrating the weight of 
the same body is to suspend it from a beam 
by a cord (Illustration 1c). The body will then 
be held up by the resistance of the beam and 
the cord. In the previous example, the rocket 
thrust was an active force; here, the force is 
passive. A passive force, however, exists only 
because it is generated by the force it is op- 
posing; the cord exerts a force on the ball it 
is suspending for as long as the ball remains 
hanging. If the ball is removed, the force of 
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EQUILIBRIUM OF FORCES | "=" 


these forces is the practical purpose of 
statics, a branch of the science of me- 
chanics. 


the cord stops acting. An experiment (Illus- 
tration 1d) demonstrates this. A cord is at- 
tached to a ball and to a stable support. The 
ball is then pulled in the direction indicated 
by the arrow. Once the cord is taut, the ball 
can no longer be moved in the direction of 
the arrow; the cord exerts a force on the ball 
and keeps it at rest. If no force is exerted on 
the cord, however, the cord will not set the 
ball in motion in the opposite direction. The 
force exerted by the cord is a passive force 
that acts only as a reaction to another force 
that provokes its action, Such forces are also 
called resisting forces or binding reactions. 


THE ORIGIN OF PASSIVE FORCES—Solid 
bodies are made up of atoms arranged in 
fixed positions. If a force acting on these 
atoms tends to move them apart, the force 
holding them in their original position reacts. 
Illustration 2a shows a greatly enlarged view 
of the atoms in the cord (shown in Illustration 
1c) while no force is being exerted. A down- 
ward force exerted on the cord tends to sepa- 
rate the atoms composing the matter of the 
cord (Illustration 2b). The atoms, which are 


in a state of equilibrium before the down- 
ward force is applied, return to their state of 
equilibrium when the downward force is re- 
moved. The downward force, when active, also 
acts on the atoms of the hook, the support, 
and all components resisting the downward 
force. 
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THE PROBLEM OF CONSTRUCTION — This 
bridge section consists of a beam resting on 
two piers. When a vehicle crosses the bridge, 
forces are generated inside each component 
of the section. The lower part of the horizontal 
beam is stretched by the weight of the beam 


THE CENTER OF GRAVITY, METACENTER 
AND EQUILIBRIUM OF SHIPS—The hull of 
a ship immersed in water is subject to Archi- 
medes' principle of buoyancy. This principle 
involves a force acting upward with an in- 


upward forces 


itself, plus the load of the vehicle it is bear- 
ing. This tension is represented by arrows 
pointing in opposite directions in the middle 
of the beam. Resistance to these forces is 
provided by the passive reaction of the mate- 
rial from which the bridge is made: in this 


BALANCING PAIRS OF FORCES—Two iden- 
tical, parallel forces acting in opposite direc- 
tions are called a couple. When a couple is 
applied to a body, the body tends to rotate. 
To keep the body at rest, an identical couple 
must be introduced to counteract the first 
couple. Illustration 4 shows a cylinder held 
at rest by two couples acting in opposite di- 
rections. The moment of a couple is defined 
as the product of the magnitude of each force 
multiplied by the distance between the two 
lines of application. 


tensity equal to the weight of the volume of 
water displaced by the ship's hull. At what 
point of the hull is this force applied? Solv- 
ing this problem is analogous to that of find- 
ing the center of gravity of a body. 
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the upward force act veri 
ship lists to one side, the 
this pair of forces tends 
back to an even keel. The 9 
of the couple, the more st: 
bility is achieved by maki 
gravity fall as low as possible and the meta- 
center as high as possible. lf the forces are so 
arranged, the ship is unlikely to overturn. 

A low center of gravity can be obtained bY 
positioning the heavy parts of the ship and the 
cargo in a low position. Shipbuilders ob- 
tain a high metacenter after making а complex 
study of the ship's shape and structure. 


the ship (Illus- 
ctions, or ele- 

is subject to 
he problem of 
ication of this 
valent to that 
n of the forces 
me into which 
application of 
the immersed 
as the meta- 


»rium In water 
nter must be 
In Illustration 
зе metacenter 

to keep the 
ght force and 

Thus, if the 
: arising from 
iate the ship 
er the moment 
the ship. Sta- 
the center of 


6 a 


THE MO OF A FORCE IN RELATION 
ТО A POIN’—Just as the moment of a couple 
has been <cfined, the moment of a single 
force in re эп to a point may also be de- 


fined. The ment of a force is the product 
of the m: de of the force multiplied by 
the distan f the point A from the line of 


action of iorce (Illustration 6a). When a 
bolt is ti əd with a wrench (Illustration 
6b), a fo exerted perpendicular to the 
arm of the nch. The moment of the force 
acting on bolt is equal to the product of 
the perpe ular force exerted by the hand 
multipliec the length of the handle of the 
wrench. 


LEVERS, .£YS, WINCHES, AND WEDGES 

—lllustrat 7a shows a lever—a bar that 

rotates ar i a pivot called a fulcrum. If a 

force is d on one end of the lever, the fulcrum 
force wi | a moment in relation to the a 
fulcrum force p is exerted on the end 
of the ar the moment will be M = ap. If 
an appre пе force г is applied to the op- 
posite er the arm b, the result will be an 
equilibra: the moment of the force applied 
at the ot nd. This second moment will be 
M=br lever is in equilibrium the sum 
of the tv ments is 0, therefore, ap-br = 0, 
which | ame thing as saying ap = br 
or that r/p. Thus a lever is in equilib- 
rium wh: © forces applied to the two ends 
are inve: »roportional to the lengths of the 
arms. ^ | force applied to a long arm, 
therefore n equilibrate a big force applied 
to the 5! тт of the same lever. A crowbar 
(Illustrati ») is a lever with arms of greatly 
different ths. Suppose one arm is 12 in. 


The equilibrium of a winch (Illustration 7d) 
is attained through a number of levers, each 
with arms as long as the radii of the gear 
wheels. 

An inclined plane (Illustration 7e) Is a 
machine that has a mechanical advantage. A 
weight pushed up an inclined plane reacts 
with a force of a fraction of its own weight. 
This fraction amounts to f = p(h//), when f is 
the force with which the weight is kept in 
equilibrium, p the weight of the body, h the 
height of the inclined plane, and / its length. 
The effort made is thus reduced by the amount 
of the ratio h//. The multiplication of forces 
produced by the machines described does not 

Y ` contradict the basic laws of dynamics. 

In all of these machines, movement results 
long and the other 2 in.; a force of 1 Ib on the if a slightly larger force is exerted than that 
end of the long arm can balance a force of 6 necessary to maintain equilibrium. Their use- 
lbs applied to the short arm: (12/2) X 1 — 6. fulness lies in the fact that a small force can 
Levers are described as having a mechanical be applied to move a large force. This useful- 
advantage. ness, or mechanical advantage, is accom- 

A pulley (Illustration 7c) functions in a way plished at the expense of having to move the 
Similar to a lever. When a rope is placed small force through a greater distance than 
around it, the pulley is the equivalent of a the large force is moved (as, for example, in 
lever with ropes at either end and pulling in the case of the lever). The basic laws of dy- 
Opposite directions. For the pulley to be in namics are upheld—mechanical energy, which 
equilibrium, it is necessary for the moments is the product of the force and the distance 
of the forces exerted by the two cords to be it moves, is conserved throughout. 
equal. 
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A bold engineering achievement—a great 
bridge or a towering skyscraper—may 
show the skillful use of the builder’s ma- 
terials but reveal nothing of the colossal 
forces imprisoned within the concrete or 
steel, forces that would destroy the struc- 
ture if they had not been suspected and 
predicted. The bridge would fall and the 
skyscraper collapse if the planners and 
builders lacked a knowledge of statics— 
the branch of physics that deals with the 
conditions under which forces acting on 
a body create their own equilibrium. 

A simple problem in statics is involved 
in the planning of a small bridge that 
consists of a metal beam supported by 
two masonry piers, one at each end, The 
designer needs to estimate the forces that 
will be applied to the beam—the weight 
of the beam itself along with the weight 
of persons crossing it (represented by 
arrows pointed downward) and the ver- 
tical force applied by the supporting piers 
(arrows pointed upward) separated by 
the distance between them. 

The beam will be in equilibrium if the 
resultant moment (force times distance 
from axis) of all the applied forces about 
any fixed axis is nil. In other words, the 
forces applied downward, upward, and 
outward from the center of the bridge 
cancel each other out and the body of 
the bridge remains at rest. 

The problem is more complex if the 
bridge is longer, with three spans sup- 
ported by four piers. The weight of the 
side sections exerts pressure on the center 
section, and the center section exerts 
pressure on the side spans. These forces 
are taken into consideration when the 
bridge is constructed. The removal of one 
span would cause the collapse of the en- 
tire bridge because the change in the 
forces applied to the remaining spans 
would destroy the equilibrium of the 
structure, 

A knowledge of the statics of rigid 
bodies is of critical importance in the de- 
sign and construction of such varied ob- 
jects as aircraft, dams, submarines, auto- 
mobiles, high-heeled shoes, and braces 
for straightening teeth. 


why bridges and 
skyscrapers do not collapse 
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FORCES—Statics is concerned with forces 
originating from different sources—forces also 
differing in intensity and the direction in which 
they are applied. Forces are represented on 
Paper by an arrow pointing in the direction in 
which the force will be applied, The length 
of the arrow, drawn to a given scale, reflects 
the magnitude of the force. For example, a 
cord tied at a fixed point is pulled taut by a 
hand exerting a force of 5 kg (about 11 Ibs) 
along the straight line from the hand to the 
point where the cord is fixed (Illustration 1a). 
The direction of the force is away from this 
point. If a line 5 mm in length is used to repre- 
sent a force of 1 kg, an arrow representing a 
force of 5 kg must be 25 mm long. 


= 
The tc f а body resting on a plane is 
shown b lance weight of 1 kg exerting a 
downwa з represented by an arrow 1 cm 

long (111и on 1b). 


The h a floating ship (Illustration 1c) 
is buoye according to Archimedes' law, 
by a for ual to the weight of the water 
displace: case, the force, 20,000 tons, 
might be resented by an arrow 20 mm in 
length. 

Obvio: 3 heavy loaded ship will ride 
lower in ter than an empty one. The two 
ships m: exactly the same size, but the 
amount « зг their hulls displace will vary 
with the weight of ship plus contents. 
Freighter he type shown carry ore, coal 
and grair the Great Lakes. 

The w blowing at a certain velocity 
against t! sliding in Illustration 1d exerts 
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THE POINT OF APPLICATION OF A FORCE— 
In some cases it is necessary to know the 
exact point of application of a force, The 
bridge pier in Illustration 2a has shelves at a 
certain height supporting weights on each side. 
The force with which the pier presses on the 
Earth is the sum of the weight of the pier 
plus the weights in the shelves. If the pier is 
designed to accommodate additional shelves, 
the part of the pier that extends from the 
additional shelves to the original shelves may 
be decreased in size. It is important to know 
exactly what weight will be exerted by the 
shelves at any given height in order to deter- 


а force of 1 kg/m? of surface. The facade has 
ап area of 6,000 m? and is therefore subjected 
lo a force of 6 metric tons, which could be 
fepresented by an arrow 6 mm long. 
| The upper arm of the crane (Illustration 1е) 
S subjected to a force that could be repre- 
sented by arrows. The amount of the force 
фу be determined by calculation that includes 
Ie weight of the arm, the length of the arm, 
E the weight of the load being lifted. If the 
Op supporting strut were cut, the arm would 
ie under its own weight or the weight of 
es The knowledge of the forces to which 
ls equipment is subjected at every point 
necessary to the efficient operation of that 
equipment. 


mine the dimensions of the pler. 

While the crane (Illustration 2b) is lifting a 
weight suspended from its arm by a cable, 
the weight moves upward or downward de- 
pending on whether the cable is being short- 
ened or lengthened. However, the stress to 
which the top supporting strut of the arm is 
subjected remains constant. In a majority of 
cases in statics, the point of application does 
not matter. The magnitudes of forces can be 
shown by arrows along the lines of their ap- 
plication. In statics, it is often convenient to 
move forces along their lines of application in 
order to solve problems more easily. 


THE SUM OF FORCES—tt is highly important 
in statics to be able to calculate the sum of 
two different forces. For example, in Illustra- 
tion 3a, a cord tied to a hook is drawn taut. 
The first hand is exerting a force of 2 kg 
(about 4.4 Ibs), represented by an arrow 2 cm 
long. The second hand is pulling on the cord 
with a force of 1.5 kg (about 3.3 Ibs), repre- 
sented by an arrow 1.5 cm long. The total 
force exerted on the hook, 3.5 kg, may be 
determined by placing the arrows that repre- 
sent the two forces head to tail. The combined 
length of the arrows, 3.5 cm, represents the 
sum of the forces acting on the hook. This 
example illustrates the sum of concurrent par- 


allel forces. 

In a slightly more complex example of the 
sum of two forces (Illustration 3b), two tractors 
are pulling a barge along a canal, each tractor 
exerting a force on a rope tied to the barge. 
The two ropes meet at an angle and each is 
exerting a force of 300 kg (about 660 Ibs). 
The two forces are not being exerted in the 
exact direction in which the barge is moving, 
but each at an angle of 60? from that direction. 
The total pulling force acting on the barge is 
made up of one force acting in the direction 
of the movement of the barge and a second 
force acting in a direction perpendicular to it. 
The forces perpendicular to the direction in 
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far as its movement 
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PAIRS OF FORCES—When two forces are 
equally strong, parallel, and exerted in op- 
posite directions, their sum cannot be ob- 
tained by the method shown in Illustrations 
3a and 3b. They must be considered as two 
distinct forces together exerting what is called 
a pair of forces. When a corkscrew is screwed 
into the cork of a bottle (Illustration 4a), the 
thumb and index finger exert a pair of forces, 
causing the corkscrew to rotate. While a 
single force may cause movement of a body, 


a pair of forces that are not balanced causes 
the rotation of the body to which it is applied. 

The effective action of a pair of forces is 
described as torque, the name given to the 
product of the intensity of each of the two 
forces multiplied by the distance between 
them. The torque of the pair of forces needed 
to turn a corkscrew may be calculated by 
multiplying the force exerted by each finger 
by the distance between them. (In expressing 
torque, the distance between the forces is 
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OSCILLATING MOTION | 


1 ES A mechanical problem of fundamental 
importance for the whole of physics, en- 
gineering, and technology is that repre- 
sented by vibrations. The mechanical 
problem can be formulated in the follow- 
ing manner: given a body that has a cer- 


© MOTION—In order to pre- 
tic definition of any motion, 
ribe the motion of a point. 
out a harmonic oscillating 
cally move forward and 
segment of a straight line 
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s the period of the oscilla- 
tion, and t rer ^is the time that has elapsed 
from the initi tant when t = 0. 


a 
as Q— NE 
b 


position 


DYNAMIC CAUSES OF HARMONIC MOTION 
—In Illustration 1, a kinematic description of 
harmonic motion was given. The next problem 
is to see what physical circumstances cause 
harmonic motion. 

A body (Illustration 2a) that is represented 
by a material point can move along a straight 
line and is subject to a return force that al- 
ways acts in the direction of the point O. The 
intensity of this force is proportional to the 
displacement from O; it is, therefore, zero at 
O itself. A force that has these characteristics 
is of the elastic type and gives rise to a motion 
that occurs with the maximum acceleration at 
the two ends of the travel 
attains its maximum intensity, while both the 
force and the acceleration are zero at O itself. 

An example of elastic forces is provided by 
a spiral spring. Illustration 2b shows a body 
attached to such a spring. If the body is al- 
lowed to remain at rest, it assumes à position 
in which the force of the spring and the force 
due to the weight of the body are in a state 
of equilibrium. If the body is raised, thereby 
compressing the spring, the body will be 
pushed downward by a force that, within cer- 
tain limits, is proportional to the shortening 
that has been produced in the spring. Subse- 
quently, the body will pass the equilibrium 
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vibrations and resonance 


tain mass and is subject to certain forces, 
can its motion be a periodic one, like that 
of a pendulum? If the answer is in the 
affirmative, with what frequency and max- 
imum amplitude will this motion occur? 
Or, if an oscillating motion is damped, 


(Illustration 1 s means that if the point 
at a certain | of time occupies a certain 
position on t :ment and has arrived at 
this position, m the left end of the seg- RE ESHEETS 
ment, it will o occupy this same posi- vectors representing the return force 
tion, again со! om the left, in subsequent o 
instants. The tants can be determined 
from the init: by adding a fixed interval 
of time knov the period. The law that 
governs the г of the point along the 
segment is si ically described in the fol- 
lowing illustr 

Suppose t e point carrying out this 
motion can t : line on a strip of paper 
that is movin right angle to its direction c 
of oscillation stration 1b). If the paper 
strip is movir a uniform speed, then the 
line traced b oscillating point will be a 
sinusoid. It c deduced from this that in 
simple harmo otion the speed is zero at 
the two extre )f the segment and attains 
its maximum at the center. 

The oscili notion can be described 
mathematica! follows: The point moves 
along a segrr length 2a, which lies on the 
X axis with | er at the origin of the co- 
ordinate sys ustration 1c). If the origin 
of the time coincides with one of the 
instants at v. зе point finds itself at the 
center of the ent, then the motion of the 
point is desc by the formula 

2r 
а cos T t. 

In this formu! 


point with zero acceleration, but with a velocity 
that is directed downward. As it goes beyond 
the equilibrium point, the body lengthens the 
spring, which will now exert an increasingly 
intense return force in an upward direction. 
The motion will thus continue in this manner. 

Another example of an elastic force occurs 
in a vibrating lamina that carries a weight at 
its free end (Illustration 2c). The force that 
tends to pull the suspended mass back to the 
rest position is proportional to the amount of 
displacement of the mass from this rest posi- 
tion. 

The mass of a pendulum is subject to the 
return force of the weight; this force, as shown 
in Illustration 2d, varies according to the angle 
that the pendulum forms with the vertical. If P 
is the weight of the pendulum and 6 is the 
angle between the pendulum and the vertical, 
this force will be given by F — P sin 6. 

When the angle between the pendulum and 
the vertical is small, the force may be consid- 
ered to be proportional to the horizontal dis- 
tance of the mass from its vertical rest posi- 
tion. 

In this case, the force may again be said to 
be an elastic one and the pendulum carries 
out harmonic oscillations. 
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DAMPED OSCILLATIONS—The harmonic os- 
cillating motion presented in Illustration 1 
represents an ideal case. It will occur only 
when the oscillations can take place without 
any damping; in practice, this means without 
friction. Such conditions never exist in macro- 
scopic systems because friction is always pres- 
ent. For example, in the case of the spring a 
damping action is caused by the imperfeot 
elasticity of the metal; the pendulum is subject 
to the resistance of the air and the internal 
friction in the supporting wire which is de- 
formed. These resistances produce a diminu- 
tion of the amplitude of the oscillations. The 
formula in Illustration 1, X = a cos (2rt/T), 
must be modified to include a term that will 
produce a gradual decrease in the amplitude 
of the oscillations. 

By applying to each of the oscillating sys- 
tems shown in Illustration 2 an artificial damp- 
ing action that can be varied at will, it is 


possible to ensure that the motion will be 
progressively braked. By varying the amount 
of braking effect, different laws governing the 
damping of oscillating motion are obtained and 
these laws are shown here. 

In zero damping the motion is represented 
by a perfect sinusoid (Illustration 3a). 

Illustration 3b shows weak damping. The 
motion is represented by a sinusoid contained 
within an envelope consisting of two exponen- 
tial curves that are symmetrical with respect 
to the time axis; the exponential curves repre- 
sent the law governing the damping of the 
maximum amplitude of the oscillation. The os- 
cillation will become completely damped after 
a long period of time and its maximum ampli- 
tude will be reduced to zero. 

When the damping becomes very strong, 
the oscillation will no longer take place (Illus- 
tration 3c). Those forces that attract the body 


strong forces and the body moves toward the 
equilibrium position as if it were immersed in 
a viscous medium. In this case the motion is 
said to be aperiodic. If the damping is of suf- 
ficient strength that the motion of the material 
point would be at the limit between an aperi- 
odic motion and an oscillating one, the appli- 
cable law of motion wouid be as illustrated. 

In this case the damping is said to be criti- 
cal. Critical damping is characterized by the 
fact that it damps the motion in the shortest 
possible time. In fact, if the motion is only 
weakly damped, the point will carry out a 
large number of oscillations before it comes 
to a stop. If, however, the motion is aperiodic, 
the damping is so strong that a long time will 
elapse before the point returns to its equilib- 
rium position. 

The determination of the critical damping 
value is of very great importance in practical 


toward the origin are now opposed by very problems. 
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what laws govern the extinction of the 
motion? 

It is not difficult to solve this problem 
in the case of a pendulum or a heavy body 
attached to a spring, situations that occur 
frequently in mechanical systems that are 
of practical interest; however, problems 
that are more complex frequently occur. 
For example, a diatomic molecule can be 
represented schematically as two Masses 
(the two atoms) united by a Spring. In 
this situation, the molecule begins to vi- 
brate when it is struck; that is, the two 
atoms of which it is made up will alter- 
nately move away from and toward each 
other. The damping of this oscillation. 
which takes place according to rather 
complex laws, can be rendered visible 

outside the molecule by means of the 
emission of infrared radiation, and the 
measurement of this radiation will result 
in data regarding the constitution of the 
molecule itself, 

Civil and mechanical engineering are 


two other fields in which the study of 
oscillation is of fundamental importance. 
A construction in reinforced concrete, 
such as a bridge, is considered to be a 
typical static structure—a system that does 
not move. In practice, however, there is 
no such thing as an undeformable me- 
chanical system. Every system can be- 
come deformed under the action of a 
stress caused by a sufficiently great force. 
When these forces cease to act, the sys- 
tem returns to its rest position by carrying 
out oscillations about this rest position; 
When the deforming force is itself an 
oscillating one, the amplitude of the oscil- 
lations can increase to the extent that it 
causes the failure of the structure. This is 
known as the phenomenon of resonance. 
It is because of this phenomenon that a 
Convoy consisting of identical heavy ve- 
hicles crosses a bridge in such a way that 
the individual vehicles proceed at differ- 
ent speeds and different distances from 
each other. If this is not done, the convoy 


can induce oscillations and, in some cases, 
oscillate the bridge structure in resonance. 

An example of the most complex case 
is that of a machine with parts that rotate 
at high speeds. The vibrations to which 
the rotating parts are subject in some 
constructions are capable of breaking the 
machine itself. The designer must, there- 
fore, know the frequencies at which the 
weakest parts may be caused to vibrate 
so that resonance phenomena can be 
avoided. For example, in the case of à 
turbine it is essential to know the fre- 
quencies at which the various parts ofa 
rotating shaft between any two adjacent 
bearings may vibrate. Д 

The calculation of the vibrations in 
these cases is complex, requiring compli- 
cated formulas that can only be solved 
with the help of computers. 

The illustrations and their accompany- 
ing discussions show the more important 
types of oscillating motions and examine 
the nature of resonance. 
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RESON ANCE—The foregoing discussions cov- 
ered free vibrations—that is, vibrations that 
were silowed to proceed spontaneously after 
they had been caused. In many cases the os- 
cillations are caused by an external agent— 
by a mechanical system linked with the one 
that Is oscillating. For example, the vibrations 
of the body of an automobile caused by the 
vibrations of the engine are forced vibrations. 
Forcing a body to vibrate entails pushing it 
periodically. 

Such periodic pushing can give different re- 
sults. What occurs will depend on the damping 
of the system being subjected to the forced 
vibration, and also on the relationship between 
the frequency of the vibrations of the inducing 
system and the frequency that characterizes 
the system in which the vibrations are induced. 

The oscillations depicted in Illustration 4a 
are free. The characteristic oscillation fre- 
quency of the system is f, which is marked 
on the ordinate. However, if a braking action 
is introduced, both the frequency and the 
amplitude will diminish, and the frequency 
now becomes f'. If the braking action is further 
increased, the corresponding frequency f^ will 
be even smaller: the greater the braking ac- 
tion, the smaller the frequency. As a parallel, 
an increase in atmospheric pressure causes a 
pendulum clock to slow down because the 
oscillations occur with a smaller frequency and 
the period increases: the atmospheric pressure 
brakes the pendulum motion. 

Illustration 4b represents an oscillating sys- 
tem with a certain braking action subjected 


amplitude 


to forced vibration, the period of which can be 
varied at will, The ratio of the variable fre- 
quency f of the force that induces the oscil- 
lations and the frequency f" of the oscillations 
themselves is plotted. The vertical red line in- 
dicates the frequency with which the system 
would vibrate if it were not damped. However, 
because the system is damped, its frequency 
is actually less, as indicated by the vertical 
green line. If oscillations of varying frequencies 
are induced, as the frequency of the inducing 
force increases, the amplitude of the Induced 
vibrations increases until it reaches a maxi- 
mum at a value slightly less than the resonance 
frequency in the case of damping. If the fre- 
quency is increased still further, the amplitude 
diminishes again. 

Illustration 4c, which summarizes the reso- 
nance factor, represents some possible vibra- 
tions In a system in which the braking action 
can be progressively diminished. The black 
line represents the value of the resonance fre- 
quency of the system in the complete absence 
of damping; the inclined green line, on the 
other hand, unites all the points of maximum 
frequency of the oscillations of the system for 
the various degrees of damping. The blue line 
indicates the position of the maximum reso- 
nance frequencies as the inducing force varies. 
Examination of one of the curves reveals that 
the closer the inducing frequency approaches 
the resonance frequency, the greater the am- 
plitude of the induced vibration. When the 
damping is zero, the amplitude at the reso- 
nance frequency is infinite. In fact, in this case 


the inducing force continues to supply energy 
to the vibrating system, pushing it in exactly 
the same direction in which It is pushed by 
the spontaneous vibration. The suspension of 
an automobile, when deprived of its shock ab- 
sorbers, is a system that is almost wholly de- 
void of damping. If a car with such a rigid 
suspension were to encounter a periodic ob- 
stacle—for example, the Irregularities in the 
surface of a stone-paved road where all the 
paving stones are of the same dimensions— 
the car would begin to resonate and the ampli- 
tude of its vibrations could become enormous. 
In practice, the vehicle would be unable to 
hold the road. Because of the great amplitude 
that the vibrations can assume as a result of 
periodic obstacles that constitute a vibration- 
inducing force, the suspension of a car capable 
of high speeds must be provided with very 
carefully designed damping. The irregular 
forces that the surface defects of a road im- 
press on the wheels of a car have a white 
spectrum; that is, they contain all the fre- 
quencies of vibration, Including the ones best 
suited to being amplified by the oscillating 
system of the suspension. The shock absorbers 
thus must always be designed to provide criti- 
cal damping. The design of the shock ab- 
sorber system of a vehicle can be easily and 
rapidly carried out with the help of analog 
computers that are capable of perfectly simu- 
lating the various conditions of oscillation of 
the vehicle and its suspension system when 
they are subjected to stresses induced by 
the road. 
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COMPOSITION OF MOTION 


1 


THE COMPOSITION OF DISPLACEMENTS— 
Before the problem of the composition of ac- 
celerations can be addressed, consideration 
must be given to the problem of the composi- 


THE VECTOR SUM COMPOSITION OF VE- 
LOCITIES—As in the case of the phos. 
ments, velocities are summed by adding the 


tion of displacements and velocities. This illus- 
tration shows a compass resting on a board, 
which itself is resting on a plane. The com- 
pass was displaced from point A to point B 


vectors that represent them. This illustration 
shows а compass fixed to a board that is 
moving with respect to the table underneath 


displacement, velocity, 
acceleration 


on the board. Subsequently (things would not 
change if the displacements had occurred 
simultaneously), the board was displaced 
toward the left. The result of these displace- 
ments was to bring the compass into the 
position marked C. 

The geometric law of the composition of 
displacements is rather simple. Suffice to say 
that they can be summed as vectors. The 
tule of the parallelogram, therefore, applies: 
the sum of the displacements is given by the 
third side of the triangle whose other two 
sides represent the two displacement vectors, 

The two sets of coordinate axes are not 
represented in this Illustration. One axis is 
fixed with respect to the table, which Is called 
reference system O, or the absolute reference 
system. The other axis is fixed with respect 
to the board, which is referred to as reference 
system o, or the relative reference system. 
The displacement along AB is due to the 
motion of the body with respect to reference 
system o and is the relative displacement. 
The one along BC, attributable to the displace- 
ment of reference system o with respect to 
reference system O, is referred to as the drag. 
The displacement AC with respect to refer- 
ence system O is called the absolute dis- 
placement, because it is given by the sum of 
the two component displacements. These 
definitions are carried over into Illustration 2, 
which further explains the composition of 
motion. 


it. The compass is then moved with respect 
to the board. Because the motion Is con- 
sidered over a very brief length of time, its 
velocity is said to be constant. 

The same principle applies to the board, 
which is sliding with respect to the table. Con- 
sidered for an instant, its velocity is said to 
be constant. Both movements are represented 
by means of vectors. The resultant velocity is 
the sum of the two movements. 

The nomenclature is identical with that used 
in Illustration 1; however, the illustrations аге 
different. In Illustration 1, the length of the 
arrows represents the length of a displace- 
ment; here, it represents the value of a ve- 
locity. In Illustration 1, when the movement 
was completed, the body was found to be 
exactly at the point of the arrow that rep- 
resents the displacement; here, the arrow 
merely indicates the instantaneous direction 
of the movement. If the velocity were not uni- 
form, the body could be found at a point other 
than that marked by the tip of the arrow. In 
this illustration, A is the point of departure; 
AB is the relative velocity (the velocity of the 
body with respect to the reference system 
that is fixed with respect to its immediate 
support). AC is the velocity of the drag (that 
is, the velocity with which reference system 
o—fixed with respect to the board—moves 
with respect to reference system O, which 18 
fixed). AD is the sum of the other two velocity 
vectors. 


A PARTICULAR CASE OF THE COMPOSITION 
OF ACCELERATIONS—Accelerations are com- 
posed in the same way as velocities and dis- 
placements, only in particular cases. The fol- 
lowing problem is to be solved here: a body 
moves with a certain acceleration with respect 
to a Cartesian reference system, which, in 
turn, moves with respect to another reference 
system. What acceleration will the body have 
with respect to the other reference system? 
Examination of this problem begins by con- 
sidering a particular case in which the body 
Moves with acceleration a with respect to 
reference system o consisting (for example) 
of a system of Cartesian reference axes fixed 
with respect to the board on which the mo- 
tion occurs. This reference system (in prac- 
tice, the board) moves with a rectilinear and 
uniform motion with respect to the table on 
Which the motion occurs. What acceleration 
Will be observed by an observer who remains 
fixed with respect to the plane of the table? 


In this example, the acceleration is the same 
for both cases. If A is the acceleration with 
respect to the plane of the, table, or the 
absolute acceleration) then A = a. This re- 
sult is rather intuitive when it is considered 
that the acceleration with respect to the plane 
of the table is no different from that on the 
board because it is seen through a change of 
uniform translation velocity that cannot con- 
tribute to that of the moving body. This case 
applies to many real phenomena in which a 
uniformly accelerated rectilinear motion is 
combined with a movement that occurs ata 
uniform velocity. For example, any motion on 
the surface of the Earth becomes compounded 
with the velocity of the Earth. The latter can 
be considered to be constant only as a first 
approximation; in reality, accelerations due 
to motions of rotation and revolution occur, 
but they are normally neglected because they 
are small. 


A MORE GENERAL CASE—A more general 
case of the composition of accelerations is 
illustrated here. A body moves with an ac- 
celerated motion with respect to the moving 
reference system (the board on which it ls 
supported). This board is accelerated with 
respect to the plane of the table that supports 
it. However, the acceleration that is impressed 
on it causes it to carry out a translatory mo- 
tion with respect to the plane of the table; 
that is, each point of the board describes a 
straight line on the plane of the table. 

In this case, the composition of the accel- 
erations is effected in accordance with the 
simple law of the parallelogram. In fact, it 
can be determined У vector calculation that 
-— ج‎ 
А =a + А, (where A, is the acceleration of 
the drag to which the board is subject with 
respect to the plane of the table). The abso- 
lute acceleration is thus the sum of the rela- 
tive acceleration and the drag acceleration. 
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The motion of a body can be described 
by equations constructed in such a way 
as to refer the motion of the body to a 
system of Cartesian coordinate axes. The 
coordinate system chosen is usually that 
which is most convenient, in which the 
equations of the motion are as simple as 
possible. The three reference axes can 
be chosen so that two of them describe 
the plane on which the body is resting, 
referred to as “reference system o.” If this 
plane (which may be considered to be 
the loading floor of a trolley) is itself in 
motion, the body under observation can 
also be considered to be in motion with 
respect to another coordinate system—the 
Earth as a whole. This is a more general 
reference system, referred to as “reference 
system O." 

From these two understandings, the 
velocity and acceleration equations can 
be obtained. For example, the motion of 
the Earth is conveniently described in re- 
lation to the sun, considering that the cen- 
ter of the sun is reference system o. This 
makes it possible to find the laws that 
govern the motion of the Earth around 
the sun. Once these laws are found, the 
motion of the Earth can be described 
with three coordinate axes—fixed with 
respect to the system of fixed stars. This 
satisfies the motion of the Earth as re- 
gards the reference system o (two axes 
through the center of the sun). However, 
the sun itself is in motion among the stars. 
The larger coordinate system within which 
the Earth moves is, therefore, O—the 
movement of the Earth about two axes 
through the sun, which itself is in move- 
ment within the galaxy. 

In respect to reference system o, the 
Earth moves in an ellipse about the sun. 
In respect to reference system O, the 
Earth moves in an oblique cylindrical 
helix wound about an elliptical cylinder. 

The difference between o and O as 
reference systems is not a difference of 
position; rather, it is a difference derived 
from the fact that in one case (o) the 
central reference is considered fixed, and 
in the other (O) the central reference is 

recognized as being in movement. 


THE CORIOLIS RELATION—A body is again 
placed on the supporting board. (To keep mat- 
ters simple, the system used in the previous 
illustrations representing plane motions rather 
than spatial ones has been adopted.) This 
body is accelerated with respect to the board 
(Illustration 5a). The board is in turn accel- 
erated with respect to the plane of the table 
on which it is supported. Moreover, the motion 
with which the board is displaced on the table 
is both translatory and rotatory. (In this case, 
as before, A is the absolute acceleration; à, 
the relative acceleration (the acceleration of 
the body with respect to the board); and 
A,, the drag acceleration (the acceleration of 
the board with respect to its supporting plane). 
In this case, the absolute acceleration is given 
by A=a+A,+A,. 

The term A. appears only when, as postu- 
lated in this case, the board also has a rotatory 
motion with respect to its support or, in mathe- 
matical terms, when the moving reference 
system has both rotation and translation with 
respect to the absolute reference system. This 
is called the complementary acceleration, be- 
cause it is a term that completes the simple 
vector sum of the other two. 

Ina rotating system, the complementary ac- 
celeration A , is itself the sum of two accelera- 
tions: the centripetal acceleration and the 


Coriolis acceleration. The Coriolis accelera- 
tion is named after the French mathematician 
Gaspard Gustave de Coriolis, who first de- 
scribed it. 

The centripetal acceleration has the mathe- 

à — ج ج‎ 
matical form @ ^ w ^ T, where w is the vector 
of the rotation velocity of the moving refer- 
ence system, ^ is the symbol for vector prod- 
uct, and r is the radius vector between the 
origin of the fixed coordinate system and the 
body whose motion is under study. 

Ihe Coriolis acceleration has the form 
26 AV where v is the velocity of the body with 


respect to the rotating coordinate system. 11- 
lustration 5b shows the direction of the Corio- 
lis acceleration relative to the velocity and 
rotation vectors. 

The force exerted on a body is equal to the 
product of the acceleration of the body and 
its mass. In the stationary system the force 
acting on the body under study can be written 
as: F= mA, where m is the mass and A is 
the absolute acceleration. Similarly the accel- 
eration in the moving system can be expressed 
in terms of an effective force: Fep = Ma, 
where a is the acceleration relative to the 


moving system. For a simplified case in which 
there is no translational acceleration (A, = 0), 
Рен = F -Mw Aor —2moAv. The differences 
- 
between the real force F and the effective 
force Fe are often described as pseudo- 
forces. These pseudoforces arise through the 
choice of a particular coordinate system to 
describe the motion and do not follow New- 
ton's principle of action and reaction. 
Illustration 5c shows an example of a mov- 
ing body in a coordinate system that is rotat- 
ing without any translational motion. 
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DISPLACEMENT 


AND MOTION 


An important and fundamental part of 
physics is mechanics—the branch of sci- 
ence concerned with the study of the mo- 
tion of bodies and with prediction of this 
motion from the causes that produce it. 
For example, mechanics seeks to estab- 
lish how much thrust must be applied 
to a space capsule to put it into orbit; 
how the blades of a gas turbine will vi- 
brate when they are subjected to the 
violent blast of the jet; how the pendu- 
lum of a high-precision chronometer will 
oscillate when it is delicately pushed by 
the mechanism of its movement; and 
what degree of banking must be built 
into the curves of an automobile race 
track, 

Studies in mechanics presuppose (1) a 
knowledge of how a body with a certain 
mass changes its state of motion when a 
force is applied to it and (2) an under- 
standing of the ways of determining the 
shape of the trajectory that a moving 
body will describe. The science of me- 
chanics has an infinity of scientific and 
practical applications, but these applica- 
tions all depend on an understanding of 
the nature of motion and its simpler geo- 
metric laws. 


DISPLACEMENT AND MOTION 


If, during the course of time, the position 
of a body remains the same with respect 
to a particular observer, that body is said 
to be at rest—or motionless—with respect 
to the observer. The body does not be- 
come displaced; it does not undergo any 
movement. The position of a body can 
be described by stating where it is to be 
found with respect to an observer. 

On the other hand, a body may be ob- 
served in a certain position at one mo- 
ment in time and in another position at 
a later time. For example, an automobile 
may be seen at a certain location in a 
square, but when the observation is re- 
peated after the passage of a certain in- 
terval of time, the same car may be found 
at some other location in the square. In 
this case the car, or the body, has under- 
gone “displacement” (more precisely, the 
term is used to designate the orientated 


always the easiest 


line segment that joins the first point to 
the second). Thus, the car has changed 
position in the course of time, but the 
path it has followed in becoming dis- 
placed is not of interest. The sole inter- 
est lies in knowing where the car was at 
the beginning and where it was at the 
end. It could have moved along the 
straight line joining the two end points of 
its displacement; it could have followed 
some tortuous path; it could even have 
left the square and then come back. But 
all of this is completely irrelevant to the 
definition of displacement: the displace- 
ment is only the change of position that 
has occurred between the first moment 
and the last. 

Motion, on the other hand, is something 
quite different, taking into account the 
trajectory described by the body in ar- 
riving at its final position, If the law gov- 
erning the motion of a body is known, 
the path it will follow can be deduced. 
In particular, the straight line joining the 
initial point to the final point of the dis- 
placement is the shortest possible trajec- 
tory for any kind of motion capable of 
producing this displacement. 


REPRESENTATION OF MOTION 


Describing the motion of a body means 
describing the geometric form of its tra- 
jectory, and this depends largely on the 
factors that produce the motion. Study of 
the trajectories of moving bodies is, there- 
fore, of great interest in all fields of sci- 
ence and technology. To predict the mo- 
tion of a body that is subject to known 
forces, a scientist or engineer applies the 
laws of mechanics in order to find the 
trajectory that the body will have to fol- 
low. For example, suppose that he wants 
to know the trajectory, in a vertical plane, 
of the center of gravity of an automobile 
in motion. Assume that this vehicle is 
traveling along a straight road and sud- 
denly hits an object with one of its wheels, 
If this automobile has the normal config- 
uration of pneumatic tires, spring suspen- 
sion, and shock absorbers, it will not make 
a sharp jump but will tend to rise gradu- 
ally. Before car manufacturers put a ve- 
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MOTION—The trajectory of а body is rep- 
resented by all of the points it comes to oc- 
cupy while it is being displaced from its 
initial position to its final position. In this 
illustration, the arrow indicates the displace- 
ment of a point of the body, which, in this 
particular case, is rather large. The same dis- 
placement can be achieved by means of an 
infinite number of motions, ranging from com- 
plicated trajectories (red line or a), through 
simpler ones (blue line or b), to the simplest 


hicle into production, they study the 
suspension by carrying out calculations 
(that sometimes become very compli- 
cated) designed to determine the tra- 
jectory that the car will follow when it 
hits certain kinds of obstacles. The form 
of the trajectory must be known in order 
to ascertain whether it will cause discom- 


of all—the trajectory represented by the ar- 
row that indicates the displacement c. The 
motion of a body from one point to another is 
determined by the forces that act on it. A 
displacement can be described by specifying 
no more than the initial and the final points 
occupied by the body; to describe a motion, 
on the other hand, it is necessary also to 
specify the position of all the intermediate 
points that the body occupies at successive 
moments of time. 


fort or danger to the driver. The designer 
of the vehicle tries to design the various 
elements of the suspension system so as 
to obtain a trajectory that will allow com- 
fort and safety to be maintained. Trajec- 
tories that cause discomfort are modified. 

In other situations, the opposite pro- 
cedure may be followed—that is, the geo- 
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THE COMPOSITION OF DISPLACEMENTS — 
A body moving from point A to point B carries 
out displacement a. Subsequently, moving 
from point B to point C it carries out a second 
displacement b. This succession of two dis- 
placements takes the body from point A to 
point C and corresponds to the displacement 
marked by the arrow c. This last displace- 
ment is said to be the "sum" of the two dis- 
placements a and b. Interestingly, if the body 
first carries out a displacement equal to and 
parallel to b (that is, b’) and then a displace- 
ment equal to and parallel to a (that is, a’), it 
will still arrive at the same point, C. This sim- 
ple observation affirms that displacements can 
be added in any order whatsoever: the sum 
of the displacements is independent of the 
order in which they are added. When a body 
is subject to a succession of displacements, 
the overall displacement can thus be deter- 
mined quite easily by drawing all the arrows 
representing the individual displacements in 
such a way that the tail of one arrow will 
coincide with the point of the preceding one. 
The sum of the displacements will then be 
represented by an arrow whose tail is at the 
starting point and whose point coincides with 
the point of the last arrow in our series. This 
arrow is also called the resultant. 


A DISPLACEMENT THE SUM OF MANY 
SMALL DISPLACEMENTS—Diagram 4a rep- 
resents a complex trajectory of a body that 
has moved from one position to another. The 
displacement corresponding to this motion 
can be represented by means of the arrow 
that joins the initial point of the trajectory to 
the final one. A rather precise idea is thus ob- 
tained of the difference between the displace- 
ment between two points and the trajectory 
followed in moving from one point to the other. 

Diagram 4b shows that, if a small segment 
of the curve of the trajectory is greatly en- 
larged, the curvature will be virtually undis- 
cernible and this piece of the trajectory will 
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metric form of the trajec: 
studied in order to determi 
that are acting on the body 


ry may be 
the forces 
r example, 


an artificial satellite revoly round the 
Earth at a comparatively 1‹ titude will 
not follow a perfectly ellipt vit; rather, | 
| 
с, MOTION WITH ZERO DISP MENT — А 
pendulum oscillating to and f ia pole of | 
a a gyroscope carrying out a pr on motion 
а | | (illustrated in the photograph ist two ex- | 
amples of a type of motion sh a body | 
periodically returns to a pc that it oc- 
cupled at an earlier moment . The time 
needed for the pendulum o gyroscopic 
5 
A b 


appear to be a segment of a straight line. 
Consequently, the whole of the trajectory of 
the motion can be replaced by a succession 
of small arrows, each of which represents a 
very short segment of the trajectory (lllustra- 
tion 4c). Because segments as short as these 
are practically straight lines they can readily 
be equated with the corresponding displace- 
ments. By definition, if the trajectory of the 
motion is considered to be the sum of these 
displacements, then the overall displacement 
is also the sum of these small displacements. 
A single curved trajectory has thus been re- 
placed by a sequence of infinitesimal straight- 
line displacements. 


it will d 
ject to the 
tinental 
deviation 
is, of the « 
ellite’s tr 


speed and 
called the 


lightly because it is sub- 
itational pull of the con- 


s. Knowledge of the 


the elliptical orbit-that 


ometric form of the sat- 
—makes it possible to 


1 previously occupied posi- 
iis position with the same 
ате direction and sense) is 
f the motion. In a periodic 
t displacement becomes 
1 once in every period; 
efinition of periodic motion. 


deduce important information about these 
continental landmasses. For example, ob- 
served data may reveal significant facts 
concerning the distribution of mass within 
the planet. Such new information would 
be useful in many fields. 


THE TRAJECTORY DETERMINED FROM THE 
FORCE—A vehicle traveling in a straight line 
encounters an obstacle in the form of a low 
step and has to jolt over it. The automobile 
designer must select the suspension and the 
shock absorbers that will tend to diminish 
both the occurrence of a jolt and the rapidity 
with which it takes place. A vehicle without 
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These two examples illustrate the im- 
portance of the study of the trajectories 
of moving bodies; nevertheless, they pro- 
vide only a slight idea of the very numer- 
ous applications of this branch of me- 
chanics. 


springs jolts sharply, as represented by the 
curve in Illustration 6a. However, even mod- 
erate springing can considerably reduce this 
jolt, as shown in Illustration 6b. If the car pos- 
sessed an ideal suspension system—from the 
point of view of passenger comfort—the jolt 
would assume the form of the curve in Illus- 
tration 6c. 


INERTIA 


Inertia is the way in which one of the 
most important physical magnitudes— 
mass—manifests itself. The concept of 
mass escapes all attempts at detailed 
analysis because it comes close to the 
concept of the essence of matter. In fact, 
mass is connected with the quantity of 


THE INERTIA OF A HEAVY BODY—it would 
be interesting to perform the experiment 
shown in Illustration 5 with an extremely heavy 
body, such as a 30,000-ton ship, but suspen- 
sion of such a huge object from a cable is 
a practical impossibility. However, the up- 
ward thrust exerted by water permits such an 
experiment. The illustration shows a boat—no 
different in principle from an ocean liner— 


matter that makes up an object. 
According to the theory of relativity, 
the mass of a body at rest differs from its 
mass when it is moving at a speed close 
to that of light. The greater the speed, 
the greater the mass. At the limit of 


110 speed, when the body is moving at the 


a body's property 
of opposing motion 


speed of light, the mass becomes infinite. demonstrate the ssena the phenom- 
for this cum it is better to speak of ena that had been explained ina rather 
mass as the inertial characteristic of a confused manner by ristotelians, 


were taken 
the signifi- 


Moreover, these experi: 


is concept of mass was intro- 
ЮУ s as models for demonstr 


duced by Galileo when he formulated the 
equation that relates the force to the mass 
and the acceleration of a body. 
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GALILEO'S EXPERIMENTS experiments 


that convinced Galileo 9 accelera- 
tion obtained in a body i tional to the 
force applied are easy at. A small 
sphere is rolled down an 1 plane. The 
length of time it takes possible the 
calculation of the average f the sphere, 
or the acceleration to w was subject 
during its descent. The in. Лапе should 
be very smooth, hard, and at least 2 m 
(about 6.5 ft). When the constructed 
in this way, the time of sent can be 
measured easily and acc The plane 


must be capable of beinc j at different 
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resting on the water. Unmoored and not sub- 
ject to currents, the boat would move in re- 
sponse to a small force applied to its side; 
the boat would behave as an isolated body 
in space. In the same manner, a large ship 
can be moved by a small tugboat pushing 
against its side. The velocities involved are 
small; the resistance of the boat or ship to 
the applied force is also small. 


In order to arrive at the construction 
of his equation F = ma (where force F is 
equal to the product of the mass m multi- 
plied by the acceleration a), Galileo 
carried out some experiments that be- 
came famous not only for their simplicity, 
but also because they were the first to 


cance of and inertia. Even today 
they are s ful from a didactic point 
of view. 

СаШе‹ led to examine carefully 
the speci of freely falling bodies 

——— 

angles so Негепі accelerations may be 
impressed sphere. It is not necessary 
to constru Лсе that will make it possi- 
ble to set at any inclination whatso- 
ever. It \ sufficient to have a support 
whose inc can be set to certain pre- 
selected that correspond to accelera- 
tions (in t »f its length) that are known 
fractions icceleration due to gravity. 
The mos measurements will be ob- 
tained wh: lane is long and only slightly 
inclined; of the descent will then be 
long and ct of any errors of measure- 
ment will paratively small. 


THE INERTIA OF ROTATIONAL MOTION— 
The fact that a body rolling down an inclined 
plane is subject to an acceleration that de- 
pends only on the inclination of the inclined 
plane indicates that the body displays a 
strong inertial characteristic because of its 
mass, which does not vary from one experi- 
ment to another. On the other hand, there are 
situations in which the body seems to have 
inertial characteristics different from the ones 
detected by the indirect method of weighing. 

The experiment shown in the illustration 
involves a disk attached to a concentric axle. 
Illustration 4a shows the disk rolling down an 
inclined plane constructed of two rails placed 
side by side, on which the axle rests. In 
Illustration 4b, the same disk rolls down an 
ined plane on the circumference of its 
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rim. The angle of descent is the same in both 
experiments; so is the mass of the disk. 
Nevertheless, the disk rolls down the inclined 
plane much more rapidly than it does down 
the rails. 

This difference can be explained. In de- 
scending the rails, the disk arrives at the end 
of its run with a small speed of translation of 
its center and a high angular velocity. In de- 
scending the inclined plane, the disk ends 
its run with a greater speed of translation and 
a lesser angular velocity. Although the slower 
descent of the disk down the rails would seem 
to indicate a greater inertia, it is actually 
caused by its considerably greater rotational 
motion and small translation—at times al- 
most zero. 


THE STRONG ACCELERATIONS OF A BODY 
WITH SMALL INERTIA—Strong accelerations 
are obtained when intense forces are applied 
to a small mass. An example of this is shown 
in the illustrations. Illustration 5a shows a 
brass tube sealed at one end with wax. A 
plunger has been made from a small rod and 
a wad of wet cotton attached to a disk, de- 
signed to fit closely the interior of the tube. 
When the piston is slid slowly into the tube— 
as in Illustration 5b—and then pulled out 
quickly, the noise of air rushing back into the 
tube is clearly audible. The mass of air put 
into motion is equal to the volume of the tube. 
If this volume is 3 cm? (about 0.2 in.?) and the 
tube has a cross-sectional area of 1 cm? 
(about 0.16 in.?), the experiment will result in 
10 cm? (about 0.6 in.?) of air—or 0.01 g (about 
0.00035 oz)—accelerated by a force of 1 kg 
(about 2.2 Ibs). This acceleration is 100,000 
times greater than the acceleration due to 
gravity. The noise produced is indicative. 
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to see whether he could make an assump- 
tion about their fall that would lead by 
direct mathematical reasoning to a re- 
sult that he could verify by experimenta- 
tion. In finally doing so, he not only pro- 
vided the foundation for the science of 
mechanics, which has endured since his 
time, but also established the funda- 
mental method for the description of ex- 
perience, which characterizes the whole 
of modern physics. Galileo’s mathemati- 
cal deduction was a genuine law of mo- 
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MASS AND INERTIA—In everyday life the 
concept of mass, understood as the quantity 
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tion in the sense that it provided a pre- 
cise and quantitative description of how 
freely falling bodies on the surface of the 
Earth really move. 

Galileo introduced also a radical 
change in the Aristotelian views on vio- 
lent motion. He developed a strong feel- 
ing that horizontal motion on the Earth's 
surface, unlike vertical motion, is not af- 
fected by the Earth and that motion in 
this direction with any particular velocity 
should persist unchanged. He verified 


of matter, is replaced by the more convenient 
concept of weight. These are two very dif- 


mur 
kas 


this by experiments in which a ball was 
allowed, starting from rest, to roll down 


one inclined plane and on reaching the 
bottom was permitted to roll up another 
plane immediately. The horizontal veloc- 
ity was retained unchanged no matter 


how great the horizonta! distance, Gali- 


leo concluded that the velocity of a moy- 
ing body that is not under the influence 
of gravity will not change. This was the 
important discovery of the law of inertia. 
ferent things; mass is a fundamental magni- 


a mass multi- 
to gravity. The 
tic actually pos- 
not vary, regard- 
en. Weight, on 
the latitude and 
;ecause the ac- 
s in both cases. 

product of its 
leration due to 
the acceleration 
red more or less 
1; moreover, the 
e not usually 
Therefore, as а 

said that the 
val to its mass 


tude, while weight is a for 
plied by the acceleration du 
mass represents a charact 
sessed by a body. Mass do: 
less of where the body is 
the other hand, varies wit 
the height above sea leve! 
celeration due to gravity vari 
The weight of a body is t 
mass multiplied by the ac 
gravity. In practice, howeve 
due to gravity may be consi 
equal at all points on the E 
experiments of mechanic 
carried out at high altitude 
first approximation, it may 
weight of a body is prop 

A simple experiment H put the con- 
cept of mass into relief. experiment is 
that of attaching a heavy body (and, therefore, 
a body that has a large 5) to a flexible 
cable whose upper end is fixed to a solid 
support such as a beam. Th ustration shows 
an immense log so suspended. If the log were 
resting on the ground and a man tried to lift 
it, he would not be able to do so. In physical 
terms, the attempt to exer! a force equal to 
the weight would have failed. If the same man 
attempted to lift the log higher than it has 
been lifted by the cables, he would be no more 
successful—for the same physical reason. 

If, however, the man pushes the log laterally, 
he can create an appreciable horizontal move- 
ment, even if the force he exerts is applied 
for a short length of time. Lifting the log was 
impossible because he was unable to exert 
a force equal to its weight. The weight is the 
force that the gravitational attraction of the 
Earth exerts on the log, which puts it into 
motion with an acceleration of approximately 
10 m (about 32 ft) per second per second. In 
order to lift the log, a man would have to im- 
press the same acceleration in the opposite 
direction—obviously impossible. Much less 
resistance was encountered when the man 
tried to move the log sideways because а 
much lesser acceleration was required. From 
this, it can be learned that when a body is 
freed of its weight by being suspended from а 
cable, its mass is apparent through its resist- 
ance to being pushed—the resistance being 
proportional to the intensity of the thrust. This 
proportionality is its inertia—its tendency to 
resist being put into motion by the action of 8 
force applied from without. 


THE MOMENT 


OF NERTIA 


laws of dynamics as- 
plaining the character- 
ons of bodies whose 
and the form and 


The fundam 
sist in genera 
istics of the 


masses are \, 
forces to wi еу are subject. How- 
ever, unders! « the motion of bodies 
in the morc licated cases requires 
not only a 1 of these general con- 
siderations b › some formal simplifi- 
cations peri o the problems pre- 
sented, As ar ple, the calculation of 
the motion « celestial bodies would 
be extremely plicated if Newton had 
not demonstr hat gravitational forces 
manifest th: es as if the mass of 
spherical boc зге concentrated at the 
center. The of an entire class of 
motions, the ır ones, is greatly sim- 
plified by th ept of the moment of 
inertia. 

When a b oves in a straight line 
under the : of a force, the second 
law of dyna quires that its acceler- 
ation (the v of the velocity caused 
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THE MOMENT OF INERTIA—Iilustration 2a 
" сив two heavy spheres connected by a 
ДЫ tod that is practically weightless. The 
S are made to rotate about the center 
fe nt of the rod. For a rotation velocity of 
rps (revolution per second) a certain effort 

must be exerted. 
thon 2b shows two spheres identical 
BM jose used in Illustration 2a, but placed 
prend the distance apart. In this case, more 
ree is met in trying to achieve the 
hese velocity. The reason for this 
16 pn is that the extended spheres have 
tration s twice the distance of those in Illus- 
hereto a before they make a complete turn; 
CoU re, their velocity (the linear velocity, of 
е, because the angular velocity remains 


a fundamental concept 


RESISTANCE TO ANGULAR ACCELERATION 
—lllustration 1a shows a long, thick beam 
suspended by a thin cable that is attached 
to its center of gravity. The thin cable twists 
very easily. If the beam has a considerable 
mass, it will rotate rather slowly, even when 
maximum force is applied to the ends. 

In Illustration 1b the beam is suspended by 
one of its ends so that it hangs vertically. 
When a couple is applied to it, a much greater 
effect is obtained than in the preceding ex- 
ample. Now, little effort will make the beam 
rotate quite rapidly. It is as if the beam under 
these conditions exerted less resistance to 
being put into motion. This phenomenon is 
explained by the moment of inertia. 


by the fact that a force is acting on the 
body) be proportional to the intensity of 
the force that is acting and inversely 
proportional to the mass of the body. 
By using a certain force to accelerate 
different bodies, accelerations are ob- 
tained that are inversely proportional to 
the mass of the body in each particular 


the same) will also be double. It can, there- 
fore, be said that the second system has a 


greater moment of inertia than that of the first. 

The moment of inertia of a body can be 
defined with the aid of Illustration 2c, which 
shows a light bar, hinged at one of its ends 
О, along which a weight M may be moved. 
(The mass of the‘ weight is much greater than 
that of the bar, so that the mass of the bar 
may be considered negligible.) Consider the 
application of a force F at point A at a dis- 
tance R from the hinge О. Let г represent the 
distance between point O and the point at 
which the weight M is fixed. If R and F re- 
main constant, the angular acceleration im- 
pressed on the bar will become greater as 
the distance r is reduced. If a is the angular 


in the dynamics of rotation 


case. The mass, therefore, is the factor 
opposing a strong acceleration in recti- 
linear motion. 

If, on the other hand, a circular motion 
is considered, it is convenient to replace 
the concept of a single force with that of 
a couple of forces, because a couple al- 
ways acts to initiate the rotation of a 


acceleration (that is, the variation of the 
angular velocity with respect to time) and C 
is the moment of the force F about the center 
of rotation O, it can be demonstrated that 
these variables are connected by the relation- 
ship a = C/I. The angular acceleration is di- 
rectly proportional to the moment the force 
exerts on the system and inversely propor- 
tional to a magnitude 1, which in this case is 
given by I= Mr?. This equation becomes 
identical with the one that expresses the sec- 
ond law of dynamics (a — F/M) when the mo- 
ment of the force is replaced by the force it- 
self, the angular acceleration is replaced by 
the linear acceleration, and the magnitude 1 
(the moment of inertia) is replaced by the 
mass. 
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body. Moreover, not only is it the mass 
that inhibits the body from beginning to 
rotate, but also the distribution of the 
mass around its axis of rotation. The mo- 
ment of inertia is a magnitude that takes 
into account this distribution of the mass, 
making it possible to predict the acceler- 
ations that will occur in rotational motion. 

This concept is extremely important in 
applied mechanics because it plays a 
part in all types of rotational motion in 
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THE FLYWHEEL—A rotating body always pos- 
sesses kinetic energy, even when its center 
of gravity is fixed. If the body rotates at a 
high speed and has a large moment of in- 
ertia, it will have considerable kinetic energy. 

The flywheel is a mechanism that consists 
of a body with a large moment of inertia. It 
is used to steady the speed of rotation of a 
system in which the motion is produced by a 
couple that is not perfectly constant. Single- 
cylinder internal-combustion engines need fly- 
wheels with a considerable moment of in- 
ertia to regularize the rotation; in the absence 
of such a flywheel, the motion would be highly 
irregular, especially in the case of four-stroke 
engines in which energy is supplied only once 
in two revolutions of the crankshaft. 


THE MOMENT OF INERTIA OF A LARGE 
BODY—The case of the moment of inertia of 
a simple body finds rare applications. A fre- 
quent case, however, is that in which the 
moment of inertia of a large body is calcu- 
lated. It is important to understand that the 
moment of inertia of a body depends on the 
position of the axis of rotation. The beam dis- 
cussed in Illustration 1 had a different mo- 
ment of inertia, according to the axis around 
which it was made to rotate. In general, there- 
fore, the principle on which the evaluation 
of the moment of inertia is based consists 
of breaking up the body into many elements of 
small dimensions—so that all the points of 
each element are at the same distance from 
the axis of rotation. The moments of inertia 
of all these elements are then added together. 
The illustration shows the principle on which 
this decomposition is effected in the case of 
a body of irregular shape. If the shape of the 
body is not completely irregular, the calcula- 
tion of the moment of inertia can also be car- 
ried out by means of integral calculus, avoid- 
ing laborious numerical summation. 


MOMENT OF INERTIA AND KINETIC ENERGY 
—A body of cylindrical form rotating about 
its axis of symmetry is shown. Although the 
center of gravity of the body is situated on 
the axis of rotation (and, therefore, remains 
stationary), the body still possesses kinetic 
energy by virtue of its rotational motion. The 
formula that enables the energy content of the 
System to be evaluated is identical with that 
for the kinetic energy of purely translatory 
motion, if the moment of inertia 1 is replaced 
by the mass m of the body, and the angular 


OBTAINING THE MAXIMUM OR MINIMUM 
MOMENT OF INERTIA WITH A GIVEN MASS 
—This experiment is that of constructing from 
a certain mass of metal a body that will ro- 
tate entirely within the cube shown. (The axis 
of rotation is indicated by the dotted line.) 
In Illustration 6a, the solution is that in which 
the body has the maximum moment of inertia; 
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which variations of the angular velocity 
occur. The intensity of the accelerations 


that can occur in this kind of motion de- 
pends on the moment of inertia of the 
body concerned. For exar; », the length 
of time the gas turbine : jet engine 
takes to reach its oper: speed de- 
pends on the moment rtia of the 
rotor. If the rotor is t capable of 
accelerating rapidly, it ential that 
its moment of inertia b: 

К — — | 

Illustration 5a shows the el of a mo- 
torcycle engine. 

Sometimes a part of t! m itself will 
act as a flywheel, with ha fects on the 
overall functioning of the For exam- 
ple, the wheels of an aut > (Illustration 
5b) act as flywheels. Thei on absorbs а 
great deal of energy that « much better 
employed in accelerati: vehicle and 
must eventually be reabs y the brakes 


when the vehicle must t d. In racing 
cars, the moment of inert ле wheels is 
reduced to a minimum b ng the mass 
of the disks. The wheel : here is used 
in competition racing; it i r than a full 


disk. 
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Illustration 6b shows the solution with the 
minimum moment of inertia. !n ihe first case, 
the mass had to be distributed around the 
axis of rotation in such a way as to maintain 
the maximum possible distance. In the Sec 
ond case, the mass has been placed as close 
as possible to the axis of rotation. 
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velocity w by the linear velocity v. The formul: 
is E = 12/2. У га 
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F INERTIA—This illustra- 
of the moment of inertia 
axis (an axis of sym- 
of plane surfaces com- 
запіса! constructions. As 
e formulas, the geometric 


PARALLEL AXES—The 
'oment of inertia of the 
in in this illustration with 
за’ would be easy if the 

» also the axis of sym- 

is not the case. 

body into small elements 
the method shown in Il- 
lead to a very complex 
em demonstrated by the 
зп Joseph Louis Lagrange 
This theorem states that 
rtia l^ with respect to the 
› the moment of inertia 1 
with respect to the axis rr^ 
gh its center of gravity and 
plus the moment of inertia 
ıe body possesses with re- 
aa’ when the mass is con- 
\trated at the body's center 


store, V = | + mh’. 
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moment of inertia (per unit length of the ob- 
ject) has the dimensions of a length raised 
to the fourth power. This is because the mo- 
ment is obtained by summing the products 
of the various elements of area (which is pro- 
portional to the mass per unit length), multi- 


AN APPLICATION TO STATICS—The bending 
of a beam supported at both ends occurs in 
such a way that the longitudinal section—the 
so-called neutral axis (indicated by the dotted 
line)—will bend without becoming either 
lengthened or shortened. Any section lying 
above the neutral axis will become shortened, 
whereas the sections below it will lengthen. 
The wider the section of the beam farthest 
away from the neutral axis, the better will the 
beam resist the applied bending moment. The 
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plied by the squares of their respective dis- 
tances from the axis (indicated by the dotted 
line) to which the moment of inertia is referred. 
These formulas are of great importance in the 
statics of elastic structures (see Illustration 9). 


reason for this is that the beam is strongest at 
the very places where it is subject to the 
greatest stresses because of the lengthening 
or shortening. If the bending resistance of a 
beam is calculated as a function of its form, 
its resistance will be inversely proportional to 
the moment of inertia of the beam with re- 
spect to an axis aa’—that is, perpendicular to 
both the neutral axis and the direction of the 
bending. 
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IMPULSE AND 
MOMENTUM | two basic quantities of mechanics 


When a moon rocket thunders away from 
its launch pad, it is indeed an awesome 
sight. Vast clouds of smoke and flame 
billow up as the rocket ascends, creating 
the dramatic “fireworks” that provide 
spectacular evidence of the force, or 
thrust, propelling the rocket. 

Rocket thrust is a precisely calculated 
force, measured in terms of impulse, 
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THE QUANTITY OF MOTION—A body moving 
uniformly, with a mass m and a velocity v, 
possesses a quantity of motion called linear 
momentum (momentum, for short). Momentum 
is defined as the product of its mass and 
velocity: mv. The velocity of the body can 
be represented as an arrow pointing in the 
direction of movement. The momentum can 
be represented by the same arrow drawn to a 
length proportional to the magnitude of the 
momentum. If the body is not moving along a 
uniform straight line, its momentum is ex- 
pressed as the product of its mass and its 
instantaneous velocity. For example, the mo- 
mentum of the moon, instant by instant, is 
equal to the product of its velocity and mass, 
and is represented, as shown in Illustration 2, 
by an arrow at a tangent to the lunar orbit at 
the point which the moon is passing at that 
moment. 

Momentum is a quantity of motion that can 
be represented by an arrow indicating its in- 
tensity and direction and path of movement. 


which is one of the basic concepts of 
mechanics. Impulse is related to the force 
applied to a body and the time through 
which the force acts; numerically, it is 
the product of a force and the time in 
which the force acts. 

Newton’s second law of motion states 
that applying a force to a body causes its 
displacement, producing an acceleration 


THE EFFECT OF IMPULSE—Impulse is the 
product of a force and the length of time the 
force is applied to a body. Numerous examples 
exist where the force on a body remains con- 
stant for the whole time of its application. For 
example, if somebody pushes on the seat of a 
swing on which another person is sitting, the 
push produces an impulse (Illustration 1a). A 
rocket engine driving a space vehicle for a 
certain time is exerting an impulse (Illustra- 
tion 1b). A billiard ball hitting another exerts 
an impulse for the length of time in which the 
two remain in contact (Illustration 1c). Im- 
pulse is expressed in dyne-sec, newton-sec, 
and so forth. 

Impulse can also be defined when a force 
of variable intensity is applied to a body. Here 
the impulse imparted by the force is divided 
into a number of successive short intervals of 
time, on the approximation that the force re- 
mains constant over each short time interval. 

The effect of an impulse on a freely mov- 
ing body is to vary its velocity. If the motion 
of a body is restrained, it will either become 
immobile or the restriction will condition its 
movement. To understand this, it is important 
to know something about a quantity of mo- 
tion called linear momentum. 


The same consideration applies to impulse. 
Physical quantities such as force, impulse, 
quantity of motion, and many others that are 
represented by a direction as well as a 
magnitude, are called vector quantities, while 
physical quantities represented by a number 
alone are called scalar quantities. 
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that is proportional to t ce and in- 
versely proportional to ass of the 
body. If the mass of the the force, 
and the amount of time hich it has 
been applied are know n the ve- 
locity of the body a » distance 
through which it has d can be 
calculated. This calcu! 'an some- 
times be done more si: y the con- 
cept of impulse. 

Another very useful pt in me- 
chanics—a concept wit! vast range 
of applications that it d both by 
astronomers and пис! hysicists—is 
the quantity of motion ‹ ! linear mo- 
mentum. (The moment: Га body is 
equal to the mass of th ly times its 
velocity.) Impulse and entum are 
related to each other. If ipulse Ft is 
given to a body of mass ring a time 
t, the body will underg :celeration 
а. Therefore, Ft = mat se, accord- 
ing to the second law o yn, F = ma. 
However, a body initial! est, if sub- 
jected to a constant acce n a during 
a time £, will attain a ity v = at; 
thus, Ft = mv. The imp: therefore, 

nomentum 


equal to the change i: 
of the body. 


CONSERVATION OF 
LINEAR MOMENTUM D 
THE THIRD LAW 


Suppose a number of spherical bodies 
are launched into space. Each will move 
in a different direction at its own ve 
locity. While these spheres are in motion 
—motion that has been derived from the 
initial impulse—a number of mechanical 
phenomena may occur. For example, the 
bodies may attract or repel each other 
(because of electrical forces ) and collide. 
Whatever happens, the total momentum 
of the system made up by all these bodies 
will be conserved—that is, the total mo- 
mentum will not vary in time. Exper 
ments confirm that when two bodies in- 
teract—by attraction, repulsion, collision, 
or any other kind of reciprocal action— 
the sum of the momenta possessed by 
each body before interaction is equal to 
the sum of the momenta each possesses 
after interaction. 


ANGULAR Mc 
m passing ne 
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JM—A body with à mass 
Joint O has a velocity v 
nentum mv represented 
the body. The velocity 
to pass at a distance r 
» angular momentum of 
defined as r X mv, a 
nilar to the definition of 
Angular momentum is 
of the momentum of the 
the point O. Just as mo- 
nt quantity in the study 
dy, angular momentum 
y in the study of a body 
ıd an axis or a point. 


REPRESENTING ANGULAR MOMENTUM — 
Angular momentum is inherent in the rotation 
of a body and exists because that body ro- 
tates. It is an expression of how fast a body 
rotates and also the direction of its rotation. 
Thus, angular momentum is represented by 
an arrow whose length is proportional to the 
magnitude of the angular momentum, and 
whose direction (as shown in Illustration 4a) is 
that of the progression of the point of a cork- 
screw. 


motion, which states that all forces arise 
from the mutual interaction of particles 
and in every such interaction the force 
exerted on the one particle by the second 
is equal and opposite to the force exerted 
by the second on the first. A law, or 


vhich can be derived 
law of motion, it fol- 
collision between two 
exert on the other an 
ite force. This statement 
Newton's third law of 


p of two masses rotating 


THE ANGUL 
AR MOMENTUM OF A CONTIN- shows а body made ui 
7908 BODY — The angular momentum of is. The total angular mo- 
lustra In ex bodies than those shown in ll- 
lon 4 can be calculated. Illustration 5a 


mentum is equa! 
momenta of each 


| to the sum of the angular 


Illustration 4b shows several objects sus- 
pended in space and rotating. Each body has 
a rotational velocity, mass, dimensions, and 
a form different from that of the others. An 
arrow has been drawn around each body; the 
length of the arrow indicates the amount of 
its rotational velocity. Along the axis of rota- 
tion of each body an arrow has been drawn 
to represent, by its length, the amount of 
angular momentum. 


principle, is understood as a truth ac- 
cepted as a valid premise from which to 
deduce other facts. Because the applica- 
tion of Newton's third law has never led 
to contradictions, it is accepted as a valid 
postulate. 


rows at the center represent the angular 
momenta of the two masses, and the longer 
arrow, twice the length of each small arrow, 
represents the.total angular velocity of the 
system. 

Illustration 5b shows a rotating ring repre- 
sented as a large number of masses, each 
possessing an angular momentum. The total 
angular momentum is the sum of the angular 
momenta of the small masses and is repre- 
sented by an arrow equal to the sum of the 
arrows representing the masses into which 
the ring is divided. 

The angular momentum of an irregularly 
shaped body (Illustration 5c) is calculated by 
first dividing it into planes passing through 
the axis of rotation, then dividing each ring 
into small masses. The angular momentum is 
the sum of the angular momenta of all the 
small masses. While the angular momenta of 
the masses into which each ring is divided 
are equal, the angular momenta of the various 
rings, however, are not equal. The successive 
rings have different radii and, consequently, 
different velocities and momenta. The angular 
momentum of a body may be expressed very 
conveniently by means of the moment of in- 
ertia of the body. 
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THE THIRD LAW 
OF MOTION | interacting forces 


acting on it, it will remain at rest or will 
continue to move at a constant velocity 
in a straight line. The second law states 
that the product of the mass and the ac- 
celeration of a body equals the force 
that acts on the body. The third law of 
dynamics, although it has a wide range 
of practical applications, is more difficult 
to comprehend. Simply stated, it says 
that for every action there is an equal 
and opposite reaction. 


In a universe so vast that it appears to 
be limitless, man lives with the assurance 
that three relatively simple laws govern 
the motion of matter. These three princi- 
ples were expressed so well by Isaac 
Newton late in the seventeenth century 
that they are still called Newton's laws 
of motion. The principles enable man to 
understand and predict the motion of all 
ordinary bodies. 

The first of these laws, known before 
Newton's time and sometimes called the 
law of inertia, states that if a body, 
whether at rest or moving, has no force 


THE SIGNIFICANCE OF PUSHING 


In discussing certain simple phenomena 
of mechanics, words often fall short of 
giving an exact description of reality. 
However, the third law of motion is 
clarified by a description of a man who 
wants to jump into the middle of a road. 
He plants his feet firmly against the curb 
and then quickly pushes against it. In 


STATIC REACTIONS—The man jumping into 
the street represents a dynamic illustration of 
the principle of reaction. The presence of re- 
action can be observed equally well in a static 
phenomenon. Each time a force is applied 
to a body, its velocity changes. If it is at rest, 
for example, it will begin to move. Within the 
Earth's gravitational field, all bodies are sub- 
ject to the effect of their own weight and will 
fall if free to do so. If they are resting on 
something, however, they do not move. This 
is readily apparent by observing all the ob- 
jects in a room. The fact that they are resting 
on something and remain still does not mean 
that they are not subject to weight. A body 
suspended by a cord will remain still, but the 
cord will break if it is not strong enough, thus 
showing that the weight force was active when 
the body was at rest. It is the weight force 
that caused the cord to break. 

For a body to remain at rest, both the action 
of the weight and an equal and opposite re- 
action on the part of the support are neces- 
sary. The two forces, acting together, cancel 
each other. What happens when a book is 
placed on a table? A weight is added, and the 
force acting on the table has been increased. 
The table does not move because the floor on 
which it is resting reacts with increased force. 
The heavier the book, the greater the reaction 
force. One characteristic of all reactions is 
me they adapt to the actions that produce 

em. 


reaction of 
the moon 


ACTIONS AND REACTIONS OF BODIES NOT 
IN CONTACT—A reaction to a force can occur 
even in the absence of actual contact. An ex- 
ample is furnished by the celestial bodies and 
their mutual gravitational attraction. The Earth 
exerts a certain force of gravitational attrac- 
tion on the moon, and the moon reacts with 
an equal force of gravitational attraction on 
the Earth. If this force were not balanced by 
the centrifugal force of the moon in its orbit, 
the moon would fall onto the Earth. The force 
of gravity exerted between the two celestial 
bodies is identical. It is not possible to sep- 
arate the action of the first on the second 
from that of the second on the first; the two 
forces are of equal magnitude, but acting in 


reaction 
forces 


action of 
the Earth 


this way, he launches elf forward 
and reaches the middle ıe road. The 
man, who feels the ef of the effort 
he has made in the m of his legs, 
may say that he jumpe ause of the 
pressure of his feet t the curb, 
This is true, but it ; о true that | 
the curb exerted pre against the | 
jumpers feet. He wou! t have been 
able to make his jump ! зеге been no 
resisting action on the ; f the curb, 

In an imaginary situ the jumper, 
immediately after leavi » curb, can | 
remain suspended in ir momen- | 
tarily. Ignoring the res е of Ње air, 
if he again tries to mo legs in the 
same way as he did on sidewalk, he 
will not increase the | of his jump. 
Yet moving his legs i: lair requires 
the same expenditure ergy and is 
just as tiring as before 

It is thus useless to ; unless some- 


approac 
electron 


| 

E | 
internal | 
electron | 


opposite directions. d 

Another example is that of two LU. 
atomic particles. An electron launched ino | | 
matter will be forced to traverse the space be- 
tween the atoms or even inside the atoms | | 
themselves and will approach another pe | 
tron. Because each particle is charged wn 
the same negative force, the two electrons ы 
repel each other. The first electron will гер 4 
the internal electron, which will retreat а S 
tain distance from its position. At the Sam 
time, the trajectory of the first will donan 
The force that caused these two movement 
is the same. A reaction has taken place, oat 
to the original action and inseparable from It 


IGINE WORKS—The func- 

engine is an important ap- 
inciple of action and reac- 
i law of motion). It can be 
tion of two identical heavy 

by a spring that is kept 
wire between the spheres 

the wire that keeps the 
spring com; ‚ is cut, the spring will ex- 
pand (Illust ib). The two spheres will 
be project pposite directions at the 
same velo: ch acting on the other 
(through tt 9) in an identical manner. 
Because th the same mass, they will 
have the sa eleration. 

If the «¢ nt is repeated with two 
spheres of И mass, the reciprocal ac- 
tion will be cal and the two spheres will 
act on each with the same force (Illus- 
tration 4c) ver, because the masses of 
the two sph зге different, the lighter sphere 
will be proj at a greater velocity than the 
heavier. 

Illustratio 
and shows 


HOW A ROCK 
tioning of a f 
plication of ! 
tion (Newton 
compared to 
spheres sep 
compressed 
(Illustration 


represents a rocket engine 
ylindrical chamber containing 
a mass of »pressed gas. Initially, the rocket 
containing the gas is at rest. Upon firing, the 
з will expand and rush out the nozzle on the 
eft. 

Illustration 4e shows both the rocket engine 
full of compressed gas and the two spheres 
separated by a compressed spring. The mass 
of the two spheres represents the combined 
masses of the engine and the gas; the spring 
represents the energy of the compressed gas. 

In Illustration 4f, the compressed energy İS 
released by allowing the gas to expand out- 
side the rocket. The action of the escaping 
gas provokes an opposite reaction in the 
rocket itself, moving it toward the right. The 
presence of air impedes a rapid escape of gas 
and thus diminishes the efficiency of the 
rocket. Rocket engines function better in a 
vacuum than in the atmosphere. 


thing is pushed against. The resistance of 
the thing that is pushed against pro- 
duces the forward motion. The jumper 
moves because the surface he was stand- 
ing on acted on him with a special force. 


AN IMPORTANT APPLICATION—A man stand- 
ing in a small boat steps into the stern to jump 
ashore. He uses the edge of the stern in the 
same way that the curb was used in the first 
example. As he jumps ashore, the boat moves 
away; the force he has exerted on the boat is 
equal to that exerted on him by the boat. 
Since the boat moves, he feels less effort in 
the muscles of his legs and moves over a 
shorter distance than if the boat had not 
moved. Even though the boat was free to 
move, the man was able to make his jump by 


pushing against И. The same reasoning 
process applies to the launching of a rocket, 
as shown in Illustration 4. 

On the basis of what has been demon- 
strated, the following conclusion can be drawn: 
when a body exerts a force (action) on an- 
other body, the second acts on the first with 
an equal and opposite force (reaction). Re- 
gardless of the way in which the two bodies 
act on each other (contact, electrical, or grav- 
itational force), the principle of interacting 
forces is always valid. 


Because this force is only active while 
the jumper is pushing against it, it is 
known as a reaction force. The energy 
for the jump is supp. ied by the jumper, 
not by the curb. The jump takes place 


because the person is pushed by the re- 
action of the thing he is pushing against, 
but this reaction is caused by the action 
provided by the force of the jumper as 
he prepares to jump. 
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FRICTION | the force that resists gravity 


It is difficult to walk on ice or on a highly 
polished marble floor. It is not easy for 
wet hands to pick up a piece of soap. 
These difficulties result from a lack of 
friction. Friction is principally responsi- 
ble for the dissipation of a great deal of 
energy in the form of heat, and it is as 
indispensable to everyday living as it is 
to the functioning of many mechanisms. 


oath 


THE DEFINITION OF FRICTION—Bofore dis- 
cussing friction, it Is necessary to understand 
the meaning of the term. Illustration 1a shows 
а smooth body (smooth means not excessively 
rough) resting on a plane that can be inclined 
at various angles. Here the plane is only 
slightly inclined, and the body on the plane 
remains stationary because of friction. When 
the angle of the plane is increased, the body 
begins to slide down the plane (Illustration 
1b). Holding the angie of inclination at this 
point halts the body and forms the tria 
ABC as shown. The ratio between CA and CB 
hat is, the ratio between the vertical and 
the horizontal sides of the trianglo—measures 
the coefficient of friction. No body can remain 
at rest on an inclined plane if the inclination 
is more than 45° with respect to the horizontal 
(Illustration 1c). If a body does succeed in ro- 
maining at rest a! greater angles, the force 
that keeps Н in this position is not friction. 
Friction, therefore, is a force that opposes 
gravity (also, in other cases, И can oppose 
other forces) and acts in a sense parallel to 
the plane on which the body is resting. It is 
therefore a passive force; that is, it does not 
sot bodies in motion but serves only to carry 
out the work of resistance—the work that op- 
poses motion of bodies. The coefficient of 
friction measures the maximum slope of the 
plane on which a body may remain at rest by 
virtue of friction alone and can never exceed 
а value of 1 (which corresponds to a slope of 
45*) without the intervention of other forces to 
Cause adhesion. A simple example of such a 
force is glue. 


0f friction has to be overcome if they are to 


Traveling is impossible without friction. 
Because of friction between the wheels 
of a train and the rails and between the 
train and the aír, a train must consume 
energy in order to move forward at a 
uniform speed, rather than doing so on 
inertia as based on the first principle of 
dynamics. But it is also true that brakes 
could not function without friction; even 


2 

THE CAUSES OF FRICTION—The causes of 
clarified by this illustration. The 
of the bodies in contact are rough; 


FRICTION AND SURFACE AREA—These three 
blocks of wood all have the same volume and 
the same weight. How- 


be dragged. This fact introduces an important 
law of physics: friction is independent of the 
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such a drastic measur: 
rods through the whe: 
the train. The whee 
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THE | N CONE—The properties of ad- friction cones shown in illustration 4a are than the substance on the left (sand), and, 
hesior Лез of microscopic dimensions made with the same substance (an abrasive) therefore, forms a steeper cone. It is not pos- 
are dı мед in the properties they dis- and, for this reason, always have the same sible to construct cones having an angle of 
play v ey are in powder form, In con- slope. The smaller the friction between the more than 45* by relying on friction alone. 
struct ne with a small quantity of fine, particles of a particular substance, the flatter Thus, the height of а cone obtained in this 
dry, veous powder (that is, powder the cone that can be made from it. Illustration manner divided by the diameter of the base 
forme ually sized particles) the cone 4b shows two friction cones; the substance measures the coefficient of friction of the mate- 
will o ave the same slope. The three on the right (kitchen sal) has greater friction rial used for constructing the cone. 
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clean 

lubricated with paraffin oil 
clean 

lubricated 

clean 

lubricated with olive oil 


STARTING (OR STATIC) FRICTION AND can be readily obtained from appropriate man- 
SLIDING FRICTION—Because of the different ў uals of physics, chemistry, and engineering 
adhesions established between surfaces when 
at rost and when in motion, it is harder to start 
moving a heavy piece of furniture than it is to 
keep it in motion. Unless otherwise specified, 121 
the examples following refer to sliding friction, 

the more interesting form in all practical ap- 

plications. 


here. An explanation of the existence 
this particular phenomenon will 
found, and it will be observed how tech- 
7 


THE ATOMIC ORIGIN OF FRICTION—Illustra- 
tion 7a shows the cross section of the contact 
surfaces of two bodies sliding over each other. 
They are in contact only at a few points, and 
the pressure is very great at these points. The 
bodies adhere at these points; that is, their 
atoms become attached to each other, al- 
though only momentarily. The atoms that have 
become attached to each other must be de- 
tached before the motion can continue; this 
work of detaching the atoms measures the 
work consumed in friction. Another (micro- 
scopic) reason for friction is found in the in- 
sertion of protrusions of one surface into the 
hollows of the other (Illustration 7b); these 
protrusions must become compressed elasti- 
cally if the two surfaces are to continue their 
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PRACTICAL APPLICATIONS—The general 
laws of friction have a large number of practi- 
cal applications. 

In mechanisms that Involve sliding actions 
the surfaces in contact are almost always 


civilization, lubrication is vital because 


sliding action. Friction, therefore, depends on 
the chemical nature of the substances as well 


made of different materials, because the ad- 
hesion between two such surfaces is less than 
it would be between surfaces of the same ma- 
terial. In gear teeth, for example, frequent 
use is made of steel on cast iron, bronze on 


d 


of nology intervenes to increase or diminish friction wastes energy; an estimated 30 
be friction according to need. In a machine percent or more of the energy generated 


is consumed in friction. 


as the degree of roughness o 
faces. 


two sur- 


E 
E 
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steel, and so forth (Illustratio 


The adhesion between sur! made of 
the same material is greate ;ause the 
atoms at the points of conte | become 
attached to each other (Illus 8b). 

Friction diminishes in the of sub- 
stances whose surfaces are ‹ ated with 
some other substance. In fac xtraneous 
matter becomes interposed b ihe atoms 
of the two surfaces and thu ants them 
from coming close to each ind even- 
tually becoming attached (lli n 8c). 

Substances that chemically к at least 
one of the two contact surfa ninish the 
coefficient of friction even ffectively, 
because they adhere more Î › the sur- 
face that remains at rest th one that 
slides over it (Illustration 8d atoms of 
such a substance form a surfa :t adheres 
more to the uneven areas and effectively 
prevents adhesion. Gases also in a man- 
ner that tends to reduce th: ficient of 
friction. In fact, the coefficient friction is 
much greater between two clean surfaces in 
an evacuated container than it is іп alr. 

Large molecules that have th property of 
chemically attacking at least one of the con- 
tact surfaces reduce the coefficient of friction 


even more; they constitute a velvety layer be- 
tween the contact surfaces and, consequently, 
permit a ready sliding action (Illustration Ве). 

A lubricant, then, is ап agent that greatly 
reduces friction. It is a substance capable of 
reacting moderately with the surfaces to be 
lubricated. A lubricant usually consists of 
elongated molecules that attach themselves to 
the surface of the solid by one end, thereby 
covering it with a kind of molecular “fur.” The 
effect is greater if both contact surfaces are 
attacked by the lubricant. (Oils, based on 
fatty acids, attack metals rather strongly.) 

When a film of extremely viscous liquid be- 
comes established between the two layers of 
fur, the sliding of the two surfaces now takes 
place by means of the layers of the liquid 
sliding with respect to each other (Illustration 
8f). In this case it is misleading to speak of 
sliding friction between the two surfaces. It is 
more accurate to speak of the internal fric- 
tion of the lubricant; that is, the difficulty that 
its molecules encounter in sliding over еас! 
other. This phenomenon is also known as 
viscosity. 


THE CONSERVATION 


OF ЕМЕКС 


It is € believe the presence of en- 
ergy dy traveling at high speed. 
Wher i body collides with another, 


it is : ıt that work is done at the 
the energy of motion—the 


exper 

energ videnced by the motion. It is 
not û o perceive the same energy 
in the f a stone thrown into the air. 
Ever the stone comes to rest on the 
grou casual observer may see how 
the « evidenced by the motion of 
the s s partly given up to the mole- 


cule air that opposed its motion, 


and f to whatever it struck when it 
fell ‹ round, It may even seem that 
the disappeared when the stone 
came st, but this is incorrect. Energy 
is ne t; it is always conserved. This 
is tr ill phenomena that occur in 
the e, from atoms to galaxies; the 
ene ent neither grows nor dimin- 
ishe emains constant. All the en- 
ergy now exists will never be de- 
strc disappear—but will always 
теп 

А understanding of this universal 
cor n of energy must begin with 
the leration of three concepts: iso- 
late tems; the different forms of en- 
ег; 1 the transformation of energy. 

Isolated systems.—A. system is consid- 
ered isolated when it cannot exchange 


with other systems. In actuality, 
no such system can exist, because any- 
where in the universe an exchange of en- 
ergy with some other system will eventu- 
ally occur. There are, however, systems 
that exchange very little energy with the 
rest of the universe. The planet Venus is 
an example of such an almost isolated 
System. 

Venus has kinetic energy (or, energy 
of motion ) as a result of its rapid revolu- 
tion around the sun and its rotation about 
its own axis, It also has potential energy. 
Venus is situated at a certain distance 
from the sun, between the Earth's orbit 
and that of Mercury. If Venus were to 
fall into the sun, it would liberate the 
potential energy it possesses into the 
gravitational field of the sun, and its po- 
tential energy would be transformed into 
kinetic energy. Moreover, Venus possesses 
energy in the form of its heat. 


energ 


a balance sheet that 
always breaks even 


AN EXAMPLE OF AN ALMOST ISOLATED 
SYSTEM—Venus represents a system that 
can be considered isolated. Its energy may 


change form, but it remains constant and is 
not exchanged with other systems except to 
an extremely minor degree. 


The various forms of energy possessed 
by Venus vary little in the course of time 
—so little that its energy can be consid- 
ered almost totally constant. The attrac- 
tion of other planets on Venus is quite 
small and does not appear to modify its 
kinetic energy. Its orbit is almost perfectly 
circular; its distance from the sun is al- 
ways the same; its potential energy, there- 
fore, remains constant. The energy Venus 
receives from the sun is radiated back 
into space sufficiently for the planet to 
maintain a hot but steady temperature. 

Although Venus is not truly isolated, it 
is sufficiently undisturbed by the re- 


THE TWO FORMS OF ENERGY IN WATER— 
The water contained in the water tower is 
said to have potential energy (Illustration 2a); 
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mainder of the universe to be a close 
example of the idealized concept of an 
isolated system—one that exchanges no 
energy with the rest of the universe. 


Different forms of energy.—Energy can 
manifest itself in many forms, from the 
smallest subatomic particles to island uni- 
verses. For convenience of discussion, en- 
ergy may be primarily regarded in two 
forms: kinetic and potential. The energy 
of planets and solar systems can easily be 
classified into one of these two forms; it 
is much more difficult to classify the en- 
ergy of microscopic bodies. 


the powerful jet of water that is issuing from 
the spout (Illustration 2b) is said to have ki- 
netic energy. 

2b 
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Potential energy is exemplified by the 
water contained in a storage tower such 
as shown in Illustration 2. Kinetic energy 
is exemplified by that same water gushing 
forth from a pipe or faucet. 

The energy present in microscopic 
forms of matter may be considered simi- 
larly: as potential or kinetic energy. The 
names for these energies, however, 
change according to the systems in which 
they are found. Consider the term chem- 
ical potential, An example of this is the 
energy derived from combining potas- 
sium chlorate and sulfur powder. These 
are inert materials; but, if they are mixed 
and ignited with a flame they combine 
and produce intense heat. The heat is a 
form of energy. It was not created by the 
ignition of the mixed chemicals; rather, 
it existed in the atoms of the sulfur and 
the oxygen contained in the potassium 


LIGHT ENERGY—A ray of light transports en- 
ergy. This is demonstrated by using a lens to 
converge the rays of the sun. In Illustration 3a 
these rays are concentrated on some sulfur 


THE ELECTROMAGNETIC CASCADE — The 
light tracks in Illustration 4 (at right) represent 
the trajectories of electrons and positrons re- 
corded in a cloud chamber with lead baffle 
plates. When these two particles collide, they 
annihilate each other and give rise to a gamma 
ray. Matter has thus been transformed into 


energy. 
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powder. In Illustration 3b the same powder 
has reached a temperature at which it bursts 
into flame. 


chlorate. An attraction exists among these 
atoms; when they come into close contact, 
the attraction increases and they become 
bound to each other. The union of these 
atoms leads to the formation of molecules 
in rapid motion—a phenomenon observed 
as heat. What is termed chemical poten- 
tial in the world as it is seen by men is 
potential energy in the microscopic world 
of the atom, What is termed heat in the 
world of men is kinetic energy at the level 
of the atom: a hot body of solid matter 
consists of molecules in rapid vibratory 


motion around their equilibrium posi- 
tions; a hot liquid (or gas) consists of 
molecules in rapid translatory motion. 
This microscopic energy is only visible 
through its secondary effects, but is actu- 
ally a form of kinetic energy. 

Light represents another form by which 
energy is manifested. A ray of light trans- 
ports energy. This can be readily ob- 
served by the use of a lens to concen- 
trate the rays of the sun (Illustration 3). 
With a sufficiently powerful lens, sub- 
stances can be melted or caused to flame. 


The transformation of energy.—A phe- 


nomenon known as electromagnetic cas" 
cade consists of a chain of reactions be- 
tween positive and negative electrons 
and gamma rays. When the positive elec- 
trons (positrons ) collide with the nega- 
tively charged electrons of normal mat- 


ter, the masses of both particles are totally 
converted into gamma rays. The energy 
So released is equal to the sum of the 
kinetic energies of both the positron and 
electron involved, plus an amount of en- 
ergy associated with their mass, equal to 
the product of their combined mass mul- 


THE CONSERVATION OF MECHANICAL EN- 
ERGY—The smaller body A is revolving around 
a larger body P in an elliptical orbit. As A is 
traveling away from P, its speed diminishes; 
its kinetic energy is transformed into potential 
energy. As the smaller body approaches P, 
this potential energy is again transformed into 


tiplied by the square of the speed of 
light. This entire transformation of mat- 
ter to energy shows that matter itself is 
a form of energy. The amount of energy 
released also shows the perfect equiva- 
lence of mass and energy, as formulated 
by the German-bom physicist Albert 
Einstein in his special theory of relativity, 
which was elaborated in one of his pa- 
pers that appeared in 1905. 


THE CONSERVATION OF 
MECHANICAL ENERGY 


A celestial body gravitating around an- 
other in an elliptic orbit (Illustration 7) 
may appear to behave as if it did not 
respect the law of conservation of energy. 
When the smaller mass is moving away 
from the larger, its speed diminishes as 
it goes to the outer extremity of its orbit, 
thus losing kinetic energy. Nevertheless, 
the total amount of mechanical energy 
does not change; kinetic energy is merely 
transformed into potential energy. This 
potential energy is again transformed 
back into kinetic energy as the smaller 
body accelerates on its return movement 
to its larger companion. This phenomenon 
continues indefinitely unless some exter- 
nal force changes the motion of the two 
bodies. If, for example, the same move- 
ments occurred within a cloud of gas or 
dust (such as in a nebula), the atoms of 
the cloud would become accelerated as 
they collided with the larger bodies, 
producing heat. The energy originally 
represented by the kinetic and potential 
energies of the orbiting bodies is now 
transferred in part to the cloud. The trans- 
fer represents a loss of energy for the two 
bodies, but what is involved is only a 
transformation of energy within the sys- 
tem of cloud and orbiting bodies. The 


kinetic energy as its speed increases. This 
phenomenon is repeated with each revolution, 
the energy remaining the same but changing 
its form as the velocity of A increases and de- 
creases. Such a system, therefore, continues 
its motion indefinitely unless affected by some 
external force. 


total amount of energy, in accordance 
with the fundamental law, is conserved. 


BETA DECAY—The curve illustrated repre- 
sents the distribution of energies of electrons 
emitted by a radioactive nucleus. Although the 
amount of energy never exceeds a certain 
maximum value (Emax) the electrons are 
emitted with different energies below this 
maximum. This phenomenon resulted in dis- 
covery of the neutrino (see Illustration 7). 


THE DISCOVERY OF TH| 
radioactive nucleus A tral 
ferent nucleus A’ by emit 
and two gamma rays y. To 
of the conservation of energ 
to suppose that the nuc 
neutral particle with а! 
This is the neutrino, nai 
existence was experimen 
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CHEMICAL POTENTIAL—Potassium chlorate 
and sulfur powder are inert materials when 
considered individually (Illustration 8a). When 
mixed and ignited (Illustration 8b), they com- 
bine and develop an intense heat. The po- 
tential energy previously contained in the 
atoms manifests itself externally in the form 


of heat. 


A HEURISTIC APPLICATION OF 
THE PRINCIPLE OF THE 
CONSERVATION OF ENERGY 


When radioactivity was discovered, it 
was observed that the nuclei of the atoms 
of certain elements decomposed by the 
emission of an electron. This radioactive 
decay was called beta decay. It appeared 
logical that identical nuclei should emit 
electrons having the same amount of en- 
ergy. Yet, although the energies never 
exceed a certain maximum, nuclei prone 
to beta decay emit electrons with differ- 
ent energies. 

Gamma rays are also often emitted, 
and their energies likewise can be mea- 
sured, No other radiation was observed 
in these decays. All the nuclei possess the 
same amount of energy at the beginning; 
they emit different amounts of energy 
(an electron and a gamma ray) and 
come to form new nuclei—again with 
equal energy content. It was found that 
the sum of the energies of the final nu- 
cleus—the electron and gamma rays—was 
not equal to the energy of the initial 
nucleus. This observation contradicts the 
principle of conservation of energy. 

This apparent contradiction was ex- 
plained by postulating that a third par- 
ticle—separate from the electron and the 
gamma ray—was emitted and took away 
the missing energy. This particle would 
be extremely difficult to observe, if it in 
fact existed, because it must be neutral 
(without electric charge), of extremely 


THERMAL ENERGY—A hot body consists of 
atoms and molecules in rapid vibratory motion 
around their equilibrium positions. This form 
of kinetic energy manifests itself through sec- 


small mass (smaller th 1 electron, 
whose mass amounts to n e than half 
a thousandth of the ma: hydrogen 
atom), and not likely tc with mat- 


ter. In the 1930s, the pa 
nated the neutrino, and 


was desig- 
tence was 


not demonstrated exp: ally until 
1960. Nevertheless, scien re certain 
of the existence of the long be- 
fore its actual observati > principle 
of the conservation of dictated 
that it-or its equiv: ists. This 
shows that the principle used not 
only to explain know: nena, but 
to predict new ones c applica- 
tion, after the Greek meaning 


^I find." 


ondary effects; the most obvious of these are 


heat and incandescence, such as displayed by 


the glowing ingot in the illustration. 


ER 


POV 


The launchin: missile, a huge forg- 
ing press shar piece of incandescent 
steel, a ship | speed, a race car in 
motion, or an пе breaking the sound 
barrier, all a nifestations of a me- 
chanical mag called power. The 
common, int: concept of power is 
that of perfor ı large amount of work 
in a short tin ı athlete lifting a bar- 
bell seems p ful because his action 
and the conc tion of his energies are 
dramatic to t! wer. 

It is often hat mankind is search- 
ing for large tities of energy so that 
its machines perform large amounts 
of work, It i те correct to say that 
man looks fo er—for functioning ma- 
chines capal liberating large quan- 
tities of ene: ı short time. 

Newer ar iewer machine tools 
equipped w те and more powerful 
engines are ntly being built to per- 
form work ıt speed. Numbers of 
less power: hines are commonly re- 
placed wit! that can produce an 
equal amou vork. A jumbo jet pas- 
senger airc: es the work of many 
smaller airc: ts large engines replace 


арра Mountaineer who climbs 100 

anes out 330 ft) in 15 minutes performs work 

n ‘ounting to about 7,000 kg-m and develops 
ergy at the rate of about 0.1 hp. 


energy competing against time 


smaller engines. Earth-moving equip- 
ment becomes more massive and more 
powerful as the demand for its use in- 
creases, 

To understand power, its physical sig- 
nificance must be defined. The definition 
is necessary because power is a physical 
magnitude that depends on the energy 
involved in a given phenomenon and the 
time in which that energy is expended. 
The definition of power is, therefore, one 
of compound magnitude. To be able to 
analyze this magnitude in various phe- 
nomena requires a thorough understand- 
ing of the mechanisms of the phenomena. 
Power will be defined first, followed by 
an analysis of the power that exists in 
various phenomena. 


THE DEFINITION OF POWER 


Power is the name given to the quantity 
of energy that is developed in a system 
in unit time. For example, if a person lifts 
a weight of 10 kg (about 22 Ib) a dis- 
tance of 1 m (about 3 ft) in one second, 
the muscles have performed the work of 
10 kg-m (kilogram-meters), or about 72 


ft-lb (foot-pounds). This work is per- 
formed in one second; therefore, a power 
of 10 kg-m/sec (about 72 ft-lb/sec) is 
being developed. It is easy to determine 
the power developed in this case because 
an exact time for the work is given. If the 
time employed is greater or less, the cal- 
culations are more complicated but still 
not difficult. It is sufficient to divide the 
total work performed by the time it takes 
to perform it. For example, a mountain- 
eer weighing 70 kg (about 154 Ib) who 
climbs 100 m (about 330 ft) in 15 min 
performs an amount of work equal to 
the product of the weight of his own 
body multiplied by the height he has 
climbed (70 kg x 100 m = 7,000 kg-m); 
this work is performed in 900 sec. The 
power that comes into play, therefore, 
amounts to 7,900 kg-m/sec (about 57,120 
ft-lb/sec). 

This rigorous definition of power ef- 
fectively coincides with the intuitive con- 
cept that people have of this mechanical 
magnitude. A shot-putter hurls a heavy 
ball of iron over a distance of several 
yards; his muscles contract rapidly, im- 
parting a considerable velocity to the 


A HIGH JUMPER—In the brief space of time 
that is needed to make the jump, the muscles 
of the athlete generate several horsepower. 
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weight. If he wishes to make another put, 
he may pick up the weight and carry it 
back to the point from which he threw 
it. He is now performing exactly the 
same amount of work as he did when he 
threw the weight. The difference lies in 
the fact that the power in play is great 
when he throws the weight (because the 
work is then performed in a short period 
of time), but is very small when he car- 
ries the weight back (because the work 
is then performed in a much longer 
time). 


HOW POWER IS MEASURED 


Many different units of measurement are 
used to measure power. These units are 
all obtained by the combination of var- 
ious units of energy with a unit of time, 
the second. An important unit of power is 
the watt (W), named after James Watt, 
the Scottish engineer who developed 
the steam engine. The watt corresponds 
to an expenditure of energy at the rate 
of one joule per second (about 0.737 ft- 
Ib/sec). A man performing normal ges- 


tures with his arm and chest develops 
power of a few watts. In many mecha- 
nisms, however, much larger powers come 
into play and a greater unit of measure- 
ment-the kilowatt—is required. The kilo- 
watt (kw) is a unit of 1,000 W. A unit 
used for evaluation of power in many 
practical cases is the kilogram-meter/sec- 
ond (kg-m/sec), which amounts to 
about 10 W. In actual practice a multiple 
of this unit—more precisely, 75 kg-m/sec 
(746 W )—is used. This unit is called one 
horsepower (hp). A man can develop 
1 hp for several seconds when, for exam- 
ple, he is running up a slope. Greater 
horsepower can be developed by a man 
who is jumping: the power is developed 
in the brief instant in which the man 
contracts his muscles and pushes against 
the ground as he rises. An exceptionally 
good high jumper can raise his center of 
gravity some distance above the position 
it occupies while he is running up to the 
bar. This occurs as the result of the im- 
petus he gathers in a fraction of a second; 
at that instant, the muscles of the jumper 
develop several units of horsepower. 


height of 1,000 m (about 3,280 ft) in 10 mi! 
to no more than 113 hp. 


——— 
A ROCKET—The power of the engine of « ? rocket, sup- 
plying thrust of 100 metric tons (about 400 Ib) at a 
speed of 5 km/sec (about 3 mi/sec) is gi the product 
of the thrust and the speed: 7,000,000 hp 

THE BIRTH OF A MOUNTAIN—The pow ded to lift a 
mountain having a volume of about 1,0 ` through a 


ars amounts 


ANOTHER WAY OF 
EVALUATING POWER 


Assume that a car is bei: shed with 
a force of 10 kg (about ) to set it 
in motion. If the same t! is desired 
after the car is moving, th reasingly 
greater power has to be v: ; fact, the 
power is the amount of w performed 
in unit time, It becomes ob. уз that, as 
the car gathers speed, the force applied to 


it gradually performs more and more 
work in unit time. When the car is stand- 
ing still, the applied force does not per- 
form any work; the power is zero. When 
the car is moving slowly, say, at a speed 
of 10 cm/sec (about 0.3 ft/sec), the 
work performed in a second ( remember- 
ing that work equals force times dis- 
placement) is equal to 10 kg x 0.1 m, 
which is 1 kg-m/sec. However, if the 
car were to move at a speed of 1 m/sec 
(about 3 ft/sec), the power would be 
10 times greater, because the work per- 
formed in 1 second by the thrust is now 
10 times greater. Therefore, it is also pos- 
sible to define power as the product of 


AN AUTON 

about 200 hp 

THE POWER 

transformati 

as much as Ilion billion hp. 

the force »roduces movement) 
and the sy ı which this force dis- 
places its | ;pplication. This per- 
mits the » of power of a large 
rocket en ın, for example, it is 
supplying t of 100 metric tons 
(about 25 at a speed of 5 km/ 
Sec (abo: i/sec)—a performance 
typical of ised to orbit satellites. 
The powe h an engine is obtained 
by multip| ıe thrust (100,000 kg) 
by the vel 5,000 m/sec). The re- 
sult is 500,000,000 kg-m/sec. To obtain 
the result orsepower, this figure is 


divided by the number of kg-m in 1 hp 
(75). The engine used as an example 
would, therefore, have about 7,000,000 
hp—approximately equivalent to the com- 
bined horsepower of 30 transatlantic 
liners, 


THE SMALL POWERS INVOLVED 
IN OROGENESIS 


ра observer at the foot of a mountain is 
ete to conclude that only gigantic 
orces could have lifted such a huge mass 


he engine of the average automobile develops 


STARS—There are stars that, by virtue of the 
rogen into helium, supply energy at the rate of 


to its lofty height. This is correct, but it 
is wrong to think that large powers were 
needed. An easy calculation demonstrates 
this: 

First, a mountain having a volume of 
1.000 km? must be visualized. Assume 
that it was lifted 1,000 m (about 3,280 ft) 
over a period of 10 million years. The 
power per second to raise that mountain 
to the required height is equivalent to 
only 113 hp. 

Such a mountain would weigh about 
3% kg (about 6.6 Ib). The work re- 
quired to raise this mass 1,000 m (about 
3,280 ft) would be on the order of 3!* 
kg-m. Since there are about 30,000,000 
sec in a year, the time in which this work 
is performed is about 3'* sec. The power 
is equal to the quotient of the number 
of kg-m divided by the number of sec- 
onds in which they have been expended. 
The result is 10,000 kg-m/sec. This is 
equivalent to 133 hp—about as much 
power as that developed by a small auto- 
mobile. In fact, the power used to light 
the cities in the Po Valley of Italy is, in 
principle, more than sufficient to lift the 


nearby Alps in only a few hours—some- 
thing that has been accomplished natu- 
rally over a period of several million 
years of the Earth’s history. 


THE FORMIDABLE POWER 
OF THE STARS 


All the stars, and this includes the sun, 
are sources of tremendous energy. They 
transform hydrogen into helium, a proc- 
ess that occurs at the center of the star. 
The sun generates energy at the rate of 
5? (500,000 million billion) hp. This 
figure seems fantastic, but there are many 
stars in the Galaxy that supply energy at 
a much greater rate—stars that have 
power outputs as much as ten thousand 
times greater. Elsewhere in the universe 
are stars of a different type whose inter- 
nal energy is liberated at an even greater 
rate. These stars differ from normal stars 
but resemble them in certain characteris- 
tics. They were, therefore, first referred 
to as quasi-stellar radio sources, a term 
that has been subsequently abbreviated 
to quasars. 
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IMPACT PHENOMENA | 


Many daily experiences involve the phe- 
nomenon of impact: a hammer striking 
the head of a nail, a rubber ball bounc- 
ing, two automobiles colliding. In order 
to understand the meaning of the con- 
cept of impact (or collision) in the study 
of physics, however, it is necessary to 
analyze impact phenomena in detail, for 
collisions play a role between the nuclei 
of atoms and among the stars. 


IMPACT ON A 
SCIENTIFIC LEVEL 


When a steel ball is dropped to a pave- 
ment from a height, say, of about 20 
inches, the ball falls toward the pave- 
ment, a sharp sound is heard as it strikes, 
and the ball rebounds. Although the ac- 
tual striking of the pavement may be 
considered the impact, the actual impact 
from a scientific point of view involves 
the entirety of the phenomenon, which 
Illustration 2 shows in slow motion as a 
sequence of the events once the ball is 
dropped. In Illustration 2a the ball is 
about to strike the pavement; it is per- 


fectly spherical in shape. In Illustration 
2b the ball is shown at the moment it 
strikes the pavement, at the maximum 
velocity it has achieved and just as it is 
about to lose that velocity because of its 
collision with the pavement; it is still 
perfectly spherical. In Illustration 2b’ the 
part of the ball nearest to the pavement 
at this point is enlarged 50 million times 
to show the component atoms. These are 
spaced at some distance from one an- 
other, and are held in position by inter- 
molecular forces represented here by 
springs. In Illustration 2c the ball is 
shown at the moment after impact, which 
causes deformation of the ball at the 
point of contact. This deformation, which 
involves compression of part of the 
sphere, consumes some of the energy of 
motion (kinetic energy) that the ball had 
up to this moment. In Illustration 2c’ the 
same section of the ball, enlarged as be- 
fore, is shown just after the impact and 
after the deformation has started. The 
atoms nearest the point of contact with 
the pavement are forced back against 
the atoms further toward the interior of 


ES REE ALE eee eee 


THE BOUNCE—A small ball falls to a pave- 
ment and bounces. The photo, made with the 
help of a stroboscope, shows what happens 


1 


at regular intervals of time as the ball bounces 
—the movement is from right to left. 


what makes the 
ball bounce 


۳ 


—— 


tion 2a, the 
ball is about to touch the pavement; its shape 


ANALYSIS OF IMPACT—In 1110 


is perfectly spherical. At the instant of impact 
(Illustration 2b), it is still spherical. In Illustra- 
tion 2c the part of the ball that touches the 
pavement is compressed. In Illustration 2d the 
compression is at its maximum. In Illustration 
2e the ball tends to return to its original shape; 


— C OMEN 


the ball in such a way that compression 
occurs, as it would if the layers of atoms 
were linked by springs. As the impact of 
the ball with the pavement continues, 
the compression of the "springs" con- 
tinues, involving more force, and result- 
ing in the conversion of more kinetic en- 
ergy; the motion of the ball is slowed 
and ultimately stopped. 

In Illustration 2d the ball is shown at 


compressed part ex- 
ids and the ball is 
ed upward. Illustration 
shows that before the 
Il has been crushed by 
impact, all its atoms 
separated from each 
er by even spaces. 
are the ball is com- 
ssed (Illustration 2c’), 
atoms are forced to 
ne together, Then, the 
ginal condition tends to 
restored (Illustration 


, 


its maximum compression, after expend- 
ing all its kinetic energy. A steel or glass 
ball would be compressed much less 
than the amount indicated in the illus- 
tration, А 20-in, fall would result in a 
deformation on the order of a thousandth 
of an inch. In Illustration 2e the ball is 
NUN. after the impact, about to re- 
E After coming to a stop from its 

» the ball resumes its spherical shape 


because, as shown in Illustration 2e', the 
atoms tend to return to the normal dis- 
tances they had before the impact; the 
atoms spring apart, and in so doing they 
exert a force upward on the atoms toward 
the interior-a force that results in a 
bounce. Of course, all this has assumed 
that the pavement was itself not subject 
to these forces; actually, the pavement 
undergoes deformation in a manner anal- 
ogous to that of the ball. 

An impact that occurred precisely as 
indicated in the illustrations would re- 
sult in a rebound of the ball to the exact 
level from which it had fallen. In fact, 
the ball began with a certain amount of 
potential energy because of its height 
above the pavement at the beginning of 
its fall; this potential energy was trans- 
formed into kinetic energy (energy of 
motion) during the fall, theoretically 
equal in magnitude to the potential en- 
ergy. On impact, the kinetic energy was 
transformed into compressional energy 
while the sphere was deformed, but was 
restored once the spherical shape re- 


sumed; it should, therefore, have carried 
the ball up to its original height. In re- 
ality, the phenomenon develops some- 
what differently. Observation of such a 
situation shows that each rebound is 
somewhat lower than the previous re- 
bound, indicating that some energy 1S 
lost at each impact. What happens to this 


energy? | 
In Illustration 2c’ the deformation of 


the layers of atoms is illustrated; on im- 
pact, the layer nearest the ground drove 
the second layer upward; that layer drove 
the third layer upward, and so forth. This 
occurred suddenly, and not only dis- 
placed the layers of atoms in closer prox- 
imity to one another, but also made the 
individual atoms vibrate around their po- 
sitions of equilibrium, Vibration produces 
heat; and it is into heat, or thermal en- 
ergy, that part of the mechanical energy 
of motion was transformed on impact. 
This form of energy is not transformed 
back into kinetic energy, so from the 
point of view of the ball's bounce, this 
energy can be described as lost. 


ELASTIC AND 
INELASTIC IMPACT 


A perfectly elastic impact, which would 
involve no loss of mechanical energy and 
a rebound of the object to the level from 
which it had fallen, is possible only in 
theory. In actuality, an object undergoing 
impact is not governed solely by the dis- 


position of its atoms and must expend 
part of its energy in impact in the form 
of heat; it will rebound less each time, 
and the impact will, therefore, be inelas- 
tic—in fact, all impacts that occur are in- 
clastic. However, if the percentage of 
energy lost is insignificant—amounting to 
less than 5 percent, as in the case of a 
steel ball rebounding from a steel surface, 
or a rubber ball from a pavement—the 
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A COMPLETELY INELASTIC IMPACT—A 
sphere of modeling clay, allowed to fall about 
six feet to the ground, is completely flattened, 
and does not bounce. 


impact may be considered relatively 
(quasi) elastic. 

All impacts observed directly are in- 
elastic—that is, those that occur in every- 
day experience, macroscopically. At a 
microscopic level, however, an elastic im- 
pact may occur. The molecules of a gas, 
for example, move in straight lines and 
frequently collide with one another; if 
they are not moving too fast, their impact 
may be elastic. Such a molecule may 
have the same quantity of energy after 
its collision as it had before. Although a 
deformation of the molecules occurs just 
as it does in the case of macroscopic 
spheres, no energy is absorbed because of 
the impact. 

On the other hand, a completely in- 
elastic impact would occur if a lump of 
modeling clay, for example, falls to the 
ground from a height of about six feet. 
Such a lump does not rebound at all; it 
flattens itself against the ground; all its 
energy of motion is absorbed in the de- 
formation. Such an impact is almost per- 
fectly inelastic. 


IMPACT BETWEEN 
TWO SPHERES 


To study a slightly more complicated im- 
pact or collision, two spheres can be used 
—two billiard balls, for example. One 
rests on the table; the second ball is 
driven against it, and if the drive is per- 
fectly centered, on impact the second 
ball remains motionless in place and the 
ball that is struck continues to move in 
the same direction as the striking ball was 
moving originally, and with the same ve- 
locity. 


The sequence of events is shown in gins; in Illustration 4c formation 


Illustration 4: In Illustration 4a thesphere reaches its maximum as pheres are 
on the right, which has the same role as driven against each othe hen begin 
the pavement in the previous experiment, to separate, because tl zy of mo- 
is at rest, and the sphere on the left is tion imparted to the def т tends to 
about to collide with it; in Illustration 4b move them apart; and tration 4d 
the spheres collide, and deformation be- the sphere that has bec « acquires 


IMPACT BETWEEN TWO SPHERES—If the sphere that is struck proceeds on the original 
collision is perfectly centered, the sphere that course of the striking sphere, in the same 
strikes remains at rest after impact, and the direction and with the same velocity. 
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Sn 
LENGTH OF IMF 
automobiles tha! 
5 


The structures of two 
ie while moving at the 


same speed against each other will be dı 
р le- 
formed in a matter of hundredths of a second. 


л CRAT ERS—The craters that appear on 
urface o! the moon result from the im- 


pacts of meteorites that travel throughout 
space at very high speed. 


— 


Velocity, whereas the sphere on the left 
that had originally been in motion comes 
to a dead stop. 

In the same way, two identical spheres 
hanging from a string (Illustration 7a) 
and free to oscillate like pendulums will 
e as shown. If one of them is al- 
owed to drop from a certain height 
against the other (Illustration 7b), im- 
р occurs when the string holding the 
B sphere reaches a vertical position. 
n ia pus impact, the struck sphere rises 
B pus level, on the opposite side, 
En Ag hich the striking sphere had 

en; and the striking sphere remains 
motionless (Illustration 7c). 
B Seon last for varying 
Eu time, depending on the de- 
b. ability of the objects involved. If 

0 automobiles, for example, each mov- 


ing at a speed of 95 km/hr (about 60 
mph), collide head-on, a time of between 
one twentieth and one tenth of a second 
elapses from initial impact to maximum 
deformation. In the case of a steel sphere 
striking a steel surface from a height of 
three feet, only about one ten-thousandth 
of a second would be required. 


COEFFICIENT OF RESTITUTION 


In the case of impact between two bod- 
ies, one of which is stationary, there is an 
important relation between the velocity 
of approach and that of withdrawal. This 
relation is the coefficient of restitution— 
the ratio of the velocity of approach and 
that of withdrawal. The value of the ratio 
ranges from a minimum of zero to a 


maximum of one. 


ANOTHER IMPACT BETWEEN TWO SPHERES 
—4f two spheres are hanging like pendulums 
from strings, and one of them is allowed to 
strike the other, the impact occurs when the 
string holding the striking sphere has reached 
a vertical position; the struck sphere will rise 
to the same height from which the first sphere 
originally started. 
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HOOKES L AW | the measurement of stresses and deformations 


The elastic properties of solids, especially 
metals, are relatively easy to observe; 
hence they often form an introduction to 
the study of the properties of matter in 
general. Subsequently, additional proper- 
ties—such as internal viscosity and ther- 
mal and electric conductivity—can be 
analyzed. Elasticity and electric conduc- 
tivity can both be measured with simple 
instruments. The study of viscosity, how- 
ever, requires more complex instruments. 
Acoustic transducers may be needed to 
measure transit times of penetrating 
waves. Special attenuation apparatus may 
be required. 

Hooke’s law is related to the coeffi- 
cients of elasticity of solids, and many 
properties of metals can be deduced by it. 
Only simple apparatus is required. Be- 
yond the limits of Hooke’s law, other 
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MEASUREMENT OF ELONGATIONS—To mea- 
sure the elongation of a metallic sample, an 
apparatus such as the one shown in Illustra- 
tion 1a is used. The test piece consists of a 
thin wire with a length of at least 1 m (about 
39.4 in.). With strong metals, the diameter of 
this wire should not exceed a few tenths of 
a mm (about 0.01 in.); otherwise, very large 
loads must be imposed to approach the break- 
ing point. 

Elongation is the percentage of length 
stretched. Its value increases with load, but 
remains relatively small. A wire slightly longer 
than 1 m (about 40 in.) is most convenient be- 
cause the most desirable length is exactly 1 m 
(39.37 in.) between the fasteners at top and 
a 


properties such as the breaking strength 
and elongation at failure can be investi- 
gated. Properties can be measured by in- 
ducing oscillations in a system in which 
the elastic element that determines them 
is the metal under examination. 

Hooke's law, named for the seven- 
teenth-century English physicist Robert 
Hooke, states that the stress set up in an 
elastic body is proportional to the strain 
to which the body is subjected by the ap- 
plied load. This law can be used in con- 
structing stress-deformation curves for 
the study of the structure of a metal. 

The proportionality between stress and 
strain actually does not involve elasticity, 
which is the property of the solid to re- 
cover its original shape completely after 
the forces producing the deformation are 
removed. Elasticity, on the other hand, 


bottom. 

A hardwood board about 150 cm (about 59 
in.) long is kept vertical by strong brackets. 
These brackets are not intended to support 
weight; their function is to hold the board 
vertical. On the upper end of the board is a 
horizontal steel support, over which the wire 
may slide. The upper end of the specimen is 
clamped tightly by two bolts. 

The specimen is stretched by weights at- 
tached to its bottom end. A bucket can be 
used to hold a large number of weights if the 
wire being tested is of great strength. Accu- 
racy of measurement is obtained by means of 
a lever and vernier scale arrangement. An ac- 
tual test rig is shown in Illustration 1b. 


does not necessarily requi: proportion- 
ality between stress and si:ain. Modern 
spring steels, the most p=: ctly elastic 
materials known, recov heir shape 
completely after deform ı but stress 
and strain do not obey. "n approxi- 
mately, a linear law. 

Despite these fundam« conceptual 
differences between stres ain propor- 
tionality and elasticity, th: ivo concepts 
are used indiscriminately such a way 
that elasticity implies prov- tionality and 
vice versa. The theory of ticity para- 
doxically is in fact not у "marily con- 
cerned with elasticity, tl s, with the 
behavior of solids after oval of the 
load, but is essentially emmy yed as a lin- 
ear theory with proportion. ity when the 
load is applied. 

The true significance o! ‘he so-called: 
tensile properties is not eas ~ interpreted. 
Nevertheless, engineers o!' n judge ma- 
terials through tensile t« Special dy- 
namometers сап be used | measure the 
huge forces needed to st: a test piece 
of large cross-sectional a until it 
breaks, but the size of a t iece can be 
scaled down to permit iler tensile 
stresses to be measured by |... upler appa- 
ratus. This type of simpli! »xperiment 
is shown and described iı: the accom- 
panying illustrations. 
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HOW ТО MAKE THE MEASUREMENTS — The 
wire used to make measurements must be free 
of kinks, carefully attached, taut, and carefully 
stretched. The load is placed at the end of the 
wire on a plate supported by a wide arc. The 
wire is initially loaded so that it will be ex- 
actly 1 m (39.37 in.) as measured on the 
vernier scale (as drawn in Illustration 2a and 
actually installed in Illustration 2b). As addi- 
tional weight is added, the elongations of the 
wire are read on the scale. The readings are 
then plotted against the weights that provide 
the tensile force. 

The maximum weight needed to break the 
wire should be known. This value is a func- 
tion of the cross-sectional area of the Wire 
and the nature of the metal. Because steel has 
a high tensile strength, it must either have а 
small cross section or be subjected to very 
large loads in order to break. 
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to the corresponding strain, used for tension 
and compression. 

The diameter of the wire is, therefore, care- 
fully measured with a micrometer. If a wire 
has a diameter of 0.3 mm (about 0.01 in.), its 
cross-sectional area is 0.07 mm? (about 0.0001 
inJ). To compare the curve with that of an 
ideal curve of cross-sectional area of 1 mm?, 
all elongations are multiplied by 0.07. 

For example, in the straight section of the 
stress-deformation curve for aluminum (where 
Hooke's law applies) an elongation of 1 mm 


is caused by a force of 7 kg (about 15.4 Ibs). 
This is for a wire 1 m long and 1 mm? in cross 
section. Conversion of these measurements 
for a wire 1 cm long and 1 cm? in cross section 
indicates that a weight of 700,000 kg (about 
770 tons) is needed to cause an elongation of 
1 cm (about 0.39 in.). This is precisely Young's 
modulus for aluminum. 

Repeating tests on different materials can 
be interesting. The curves shown here illus- 
trate the elastic characteristics of various 
materials that differ in their constitution, in 
the elements composing them, or in the heat 
treatment they have undergone. 

In Illustration 3a, curve 1 represents steel 
at room temperature; the test was carried out 
on a wire with a 0.1 mm (about 0.004 in.) diam- 
eter. Curve 2 represents steel that was case- 
hardened prior to the testing. This steel, al- 
though it has not undergone any changes in 
chemical composition, has an enormously 
smaller breaking load and the part of the 
curve where stress and deformation are pro- 
portional is much shorter. 

Metals such as copper, brass, or aluminum 
display a considerable reduction of tensile 
strength after annealing. 
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A MORE ADVANCED MEASUREMENT—An- 
other series of measurements is carried out 
with a wire that is surrounded by refractory 
material that is heated with an electric resist- 
ance. The portion of the wire being heated is 
sealed off at the ends. The temperature of the 
wire is determined pyrometrically. Then 
weights are added and a stress-deformation 
curve is plotted. The wire is found to be pro- 
foundly altered. 
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TEE 
PENDULUM 


At the beginning of the seventeenth cen- 
tury, in the cathedral of Pisa, Galileo 
noticed an oil lamp swinging to and fro 
after a sacristan had set it in motion when 
lighting it. Galileo watched the oscilla- 
tions and, using his pulse to measure the 
time, noted that the time necessary for the 
lamp to carry out a complete oscillation 
was constant and was independent of the 
amplitude of the swing. Later Galileo 
verified his observation experimentally 
and suggested that the principle of the 
pendulum might be applied to the regu- 
lation of clocks. Until this event in the 
cathedral, Galileo had received no in- 


simple oscillations and 
complex figures 


struction in mathematics. After his studies 
and works in mathematics and science 
made his name known throughout Italy, 
he began his research into the theory of 
motion, first disproving Aristotle’s con- 
tention that bodies of different weights 
fall at different speeds. He proved the- 
oretically in about 1604 that falling bod- 
ies obey what came to be known as the 
law of uniformly accelerated motion. The 
following experiments are designed to 
demonstrate the properties of a pendu- 
lum as formulated in the theory of oscil- 
lations based on Galileo's early observa- 
tions of pendulums. 
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THE PENDULUM TO BE USED IN THE EX- 
PERIMENTS—A Simple pendulum consists of 
a lenticular weight, suspended by a rigid metal 
Tod of small diameter from a thin steel plate 
fixed to a pendulum Support. For these experi- 
ments, the support should be, at the least, a 
sturdy nail anchored in a wall because a flex- 
ible support (for example, a wooden rafter that 
yields as the pendulum moves) would invali- 
date the results of the experiments. A pendu- 
lum about 1 m (about 3 ft) long and whose brass 
weight is about 1 cm (about 0.4 in.) thick with 
a diameter of 6 to 8 cm (about 2.4 to 3 in.) 
should be adequate for these experiments. The 
steel plate supporting the pendulum Should be 
5 cm (about 2 in.) long and 2 cm (about 0.8 in.) 
Wide. The thickness of the silicon steel plate 
must not exceed 0.2 mm (about 0.008 in.). The 
diameter of the pendulum rod Should be ap- 
proximately 6 mm (about 0.2 in.). 


MEASURING THE OSCILLATION PERIOD OF 
A PENDULUM — In order to measure the os- 
cillation period of a pendulum accurately, the 
place where the oscillation starts must be 
clearly marked. In the illustration, the vertex 


ES 


of the triangle marks the point to which the 
pendulum is pulled and then released. Before 
the oscillation period can be measured, the 
regularity of the pendulum motion must be 
checked to establish that the pendulum os- 
cillates smoothly in a plane. Once the pendu- 
lum is oscillating regularly, the period can be 
measured. A stopwatch with a second hand 
Should be used for accurate measurement. 
After the regularity of the oscillations has been 
established, the pendulum should be timed for 
at least a hundred oscillations so that error 
in measuring the period, which could be as 
great as several tenths of a second, is distrib- 
uted over a considerable number of oscilla- 
tions and is correspondingly small. Also, the 
error will tend to grow less as the observer 
gains familiarity with the procedure and skill 
in judging the exact time when the pendulum 
reverses the direction of its movement. 
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THE SPEED OF THE PEND! 
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THE ISOCHRONISM OF A PENDULUM—This 
experiment demonstrates that the oscillations 
of a pendulum are isochronous; that is, they 
last the same length of time regardless of the 
amplitude of the oscillation, if the amplitude 
of the oscillation does not exceed a certain 
value. 

The pendulum is set in motion, as shown 
in Illustration 3a, so that it will complete at 
least 100 swings. Then, the time the pendulum 
takes to complete the first 10 full oscillations 
is measured. After the oscillations become 
damped as shown in Illustration 3b, another 
10 oscillations are measured. Within the limits 
of error inherent in the stopwatch, the oscilla- 
tion times should be equal. 

However, if the amplitude of the oscillation 
exceeds a certain value, the oscillations will 
not be isochronous. This can be seen in the 
supplemental experiment shown in Illustration 
3c. The pendulum is displaced about 30 or 40° 
from the vertical, and the time the pendulum 
takes to complete the first 10 full oscillations 
is measured. After the oscillations become 
damped and are about to die out, 10 oscilla- 
tions are measured. There should be a dis- 
crepancy of about 1 second between the two 
values. This discrepancy is not due to errors 
in measurement, as the oscillations of a pendu- 
lum are no longer isochronous beyond a cer- 
tain limiting value of the amplitude of the 
swing. 
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itiple exposures of the 
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jograph will be similar 
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speed with which the pendulum moves is at 
a minimum at either end of the swing and at 
a maximum when the pendulum crosses the 
vertical. 

The pendulum moves at an almost constant 
speed for a short distance on either side of 
the vertical, but slows down as it rises and 
eventually comes to a stop at the highest 


point of the oscillation. Thus, the acceleration 
is zero when the pendulum is completely 
vertical and is at a maximum at the moment 
when it changes direction at either end of the 
oscillation. Therefore, the acceleration is zero 
when the velocity is at a maximum, and the 
velocity is zero when the acceleration is at a 
maximum. 
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5 
HARMONIC MOTION—This experiment dem- 
onstrates the relation between the motion of a 
pendulum and the graph of a sinusoid. 

Using two pieces of string and a small plat- 
formlike board, a pendulum that operates on 
the principle of a swing is constructed. A 
hole is drilled in the center of the board and 
a small funnel is inserted in the hole. The 


THE PERIOD OF OSCILLATION AND THE 
LENGTH OF THE PENDULUM—The pendulum 
used to study the properties of pendulums is 
а real pendulum. That is, it consists of a 
weight with length, width, and height. Its weight 
does not act through the geometrical center of 
mass of the bob, as the simplification of the 
theory usually assumes (Illustration 6a). The 
pendulum is suspended by a rod with a weight 
of its own and is attached to a thin steel plate 
that is not completely flexible (Illustration 6b). 
Therefore, the results of these experiments 
Will not conform exactly to theoretical pre- 
dictions of the motion of an idealized pen- 
dulum where the mass is assumed concen- 
trated entirely at the bob. However, if care 
is taken in the construction of the pendulum, 
the experimental results should be close 
enough to the predicted results to Serve as a 
means of verifying the theory. 

The next experiment verifies the relationship 
between the length of the pendulum and the 
period of oscillation, a relationship that is 
exact for an idealized pendulum, but one that 
is only approximate for a real pendulum. The 
relationship is T = 2m V(I/g), where T is the 
period of the pendulum, / the length of the 
pendulum, and g the acceleration due to grav- 
ity. For this experiment, the pendulum should 
have a weight that can be moved up and 
down the rod and locked into place. Such a 
pendulum is shown in Illustration 6a. The 
locking screw B serves to fix the weight at any 
desired height. If the period is measured in 
the manner described in Illustration 2 and the 
length of the pendulum is taken to be approxi- 
mately the distance between the center of the 
weight and the point of suspension, the results 
Should show (within the limits of experimental 
error) that the formula given is correct. 


funnel is filled with fine dry sand that has 
been washed with hydrochloric acid to help 
the sand pour out of the funnel steadily. The 
Swing is then pulled to a low height and re- 
leased so that it oscillates regularly. The bot- 
tom of the funnel is opened to let out the sand. 
To keep the sand from spilling onto the floor, 
a long sheet of paper is placed under the 
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/AARMONIC MOTION—Com| ust be large enough to be a circle (Illustration 7a). If the two pendu- 
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UNIVERSAL GRAVITATION 


Tn science, as in other areas of life, some 
things are taken on faith. So it is with the 
fascinating phenomenon of universal 
gravitation; scientists understand the 
“how” of it, but the “why” is still a mys- 
tery. 

Isaac Newton, who in 1687 published 
the Law of Universal Gravitation, admit- 
tedly could find no explanation for the 
origin of gravitational forces. His famous 
phrase, “I frame no hypotheses,” under- 
scores his concern with a descriptive, 
rather than an interpretive, approach to 
the study of gravitational forces. 


NEWTON'S LAW 


The story of Newton and the falling ap- 
ple, while possibly apocryphal, dramati- 
cally illustrates the importance of New- 
ton's discovery that bodies tend to fall 
toward the Earth. They fall because they 
have weight, and the cause of their 
weight is the attraction that exists be- 
tween the matter of which they are 
formed and the matter that comprises 
the Earth. 

This attraction is an all-pervading 
force that depends only on the masses of 
the bodies and their distance apart. The 
Earth, therefore, exerts an attraction on 
the moon just as it does on the apple. 
The demonstration that these two par- 
ticular attractions follow the same math- 
ematical formula was the chief con- 
tribution Newton made to the study of 
celestial bodies. 

Newton's law refers to mass instead of 
weight because the weight of a body on 
earth is really the particular strength of 
the Earth's gravitation on that body. On 
a different planet, the same body would 
have a different weight, but its mass 
would remain the same. For example, a 
body weighs six times as much on Earth 
as it does on the moon because the moon 
has a smaller mass than the Earth and 
therefore creates less gravitation. 

Newton's law may be stated as follows: 
Each particle of matter is attracted to 
every other particle by a force varying 
as the product of the masses of the par- 
ticles and inversely as the square of the 
distance between them. 


Newton's law is formulated as 
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where Е is the force between the two 
particles of mass М, and М», d is the 
distance between them, and G is a con- 
stant for a variety of matter and is called 
the universal gravitational constant. This 
constant has the dimensions І#М-:Т-2, 
where L is length, M is mass, and T is 
time, and a numerical value depending 
on the units used. (If M; and М» are 
given in grams and d in centimeters, F 
will be in dynes if G = 6.670 x 10-5.) 

The application of this law to the so- 
lar system not only supported all of Kep- 
ler's previous laws, but also provided an 
explanation for the movement of the 
planets and their satellites—an explana- 
tion that was in harmony with observa- 
tions. 
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MEASURING THE FORCE 
OF GRAVITATION 


Physicists who study the nature of elec- 
tromagnetic forces classify the force of 
gravity among the so-called weak inter- 
actions. The following comparisons dem- 
onstrate why this is so. If the electrons 
from the atoms of a handful of matter 
could be detached from their nuclear 
orbits, they would be attracted by the 
nuclei at a distance of a few centimeters 
by electrostatic forces equal to millions 
of tons. On the other hand, the gravita- 
tional attraction that a handful of matter 
exerts on another handful of matter at 
a few centimeters is virtually a negligible 
force; it could not be measured with or- 
dinary instruments, and only certain ex- 
tremely delicate experiments could dem- 
onstrate its existence, for that matter. 
Two bowling balls placed one inch apart, 
for example, would show a mutual gravi- 
tational pull of about 0.1 dyne (about 
0.0001 g). 

The force of gravitational attraction is 
not to be measured in the laboratory 
alone, however. In the universe it is the 
key that unlocks many celestial mysteries 
and enables scientists to make accurate 
Predictions of the motion of the stars. 
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APPLICATIONS AND 
LIMITATIONS OF N! N'S LAW 
The laws of universa! ation devel- 
oped by Newton are t! is on which 
more complex laws ng a large 
number of phenomena ilt. Some of 
these phenomena ar »mplex that 
they require an exhau number of 
calculations in order t theoretically 
described. A good exa the motion 
of the moon. 

In order to predict recise point 
in the sky in which : oon will be 
found a year after its m has been 
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must be considered, iv. ling the fact 
that the lunar orbit is er perfectly 
circular nor perfectly al, that the 
velocity of the moon v: :ccording to 
its distance from the sı nd so forth. 
To predict the passage he moon in 
a certain point of the s ith an accu- 
racy of 0.1 sec, somethi e 1,500 cor- 
rection factors must be lied to the 
first calculations. 

Some measurements even more 
complex. To calculate t) ict orbit an 
artificial satellite follow. around the 
Earth, as many correct factors are 
needed as are used in the ооп calcula- 
tion; and still the orbit wiii not conform 


exactly to the one predicted by theoret- 
ical calculations. This is duc to the fact 
that scientists do not yet have an exact 
knowledge of the forces that act on an 
artificial satellite. For example, the action 
exerted on an artificial satellite’s motion 
by the continental landmasses is un- 
known. However, after experimentally 
measuring the trajectory of the satellite, 
the deviations can be used for evaluating 
the mass of the continental landmasses. 
Without an understanding of the effect 
of the forces of universal gravitation, the 
solution of complex calculations such a$ 
those described would not be possible. 
In some cases, however, Newtons 
formula does not seem to be adequate. 
Such a case is the orbit of the planet 
Mercury, In analyzing the motion 0 
Mercury around the sun, scientists dis- 
covered that the motion of its perihelion 
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(the point in its orbit when it is closest 
to the sun) showed a greater advance in 
the direction of the planet's motion than 
could be accounted for by the gravita- 
tional action of all the other planets. 
This would seem to indicate that Euclid- 
ian geometry is not valid in the space 
very close to the sun—the space in which 
Mercury moves. This space has a ge- 
ometry in which the shortest distance be- 
tween two points is not a segment of a 
straight line, but rather a curve. Such a 
deviation from Euclidian geometry would 
ns to invalidate the universality of the 
‘aw of universal gravitation, How, then, 
is this exception explained? The answer 
came in 1915 when Albert Einstein for- 


ferent heights. Spheres A’ and B' are identical 
to spheres A and B, and are used to balance 
the system. The spheres are initially isolated 
in space, subject to no appreciable attraction 
except that of the Earth. 

A flat mirror, used to indicate the orienta- 
tion of the system by means of a method 
known as the optical lever, is mounted on the 
yoke. A projector throws a beam of light 
against the mirror that is focused onto a thin, 
elongated spot at a specified distance, which 
marks the zero. Two large spheres, M’, and 
M’, are far away. The spheres M, and 
Mg, made of a heavy metal such as lead, 


mulated his general theory of relativity. 
While some scientists at first thought 
Einstein's theory disproved Newton's 
law, it in fact only presented a different 
description of gravitation. Einstein sug- 
gested that objects do not attract each 
other by exerting a pull. Space, he said, 
is warped or curved near matter and the 
curvature is greatest near heavy bodies. 

The particular curvature around any 
body is called the gravitational field of 
that body. The gravitational field of the 
sun is a kind of hill in space, which Ein- 
stein called space time. The sun is at the 
top of the hill, and the planets and other 
bodies that move in the sun’s gravita- 
tional field go around the sun instead of 


and weighing several kilograms, are capable 
of exerting à gravitational attraction on the 
small spheres A and B. The force exerted be- 
tween the large spheres and the small ones 
causes the yoke of the torsion balance to 
rotate. This rotation is opposed by the elastic 
reaction of the suspension wire. The amount 
of reaction depends on the amount of rota- 
tion and can be calibrated accordingly. The 
amount of rotation is measured by the dis- 
placement of the spot of light on the scale. 
Once the rotation is known, the force exerted 
between the large and small spheres can be 
measured. ^ 


over it because the curved path i 
to take than the hill. 

According to Einsteinian theory, bodies 
do not attract each other at a distance— 
they merely follow the line of least re- 
sistance through the hills and valleys of 
the curved space that surrounds other 
bodies. Objects that fall to Earth are not 
“pulled” by the Earth; rather they are 
pushed toward it by the gravitational 
field. 

Einstein, 
tempted to explain the cause of gravi- 
tation. He, too, refrained from "framing 
an hypothesis," although in 1929 he sug- 
gested that gravitation and electromag- 
netism might be related. 


no more than Newton, at- 
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THE IMPOSSIBILITY ОЕ SCREENING THE 
FORCE OF GRAVITY—While it has been es- 
tablished indirectly that the force of gravity 
is propagated at the Same speed as light, 
direct proof could be obtained only if it were 
Possible to screen the force of gravity. So 


far, such efforts have been unsuccessful, in- 
cluding the experiment illustrated here, in 
which two masses are placed on two plates 
at different heights on a balance. At the be- 
ginning of the experiment, the two masses are 
in equilibrium. A large mass of heavy material 


is then slid under the upper plate (the experi- 
ment has been tried with lead, mercury, eof 
granite), but the presence of this: Po 
matter does not modify the equilibrium of E 
balance in any way, except that its mass а 
tracts the weight immediately above it. 
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than any terrestri 


a revaluation of 
the force of gravity 


sideration of stars of great density and 
stars of great mass has caused new the- 
ories to be put forward that call for many 
further astronomical observations before 
they can be confirmed. 


The force of gravity has remained a 
great mystery for physics since the En- 
glish scientist Sir Isaac Newton deduced 
its phenomenological laws. When ad- 
dressing the problem of the force of 
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n ТҮЗҮ OF THE FORCES AND DENSITY— 
structed RUE a scale has been con- 
Structures, г ов the densities D of various 
IF that ke elated to the intensity of the forces 
cin ja them together. 
becomes een that matter in the universe 
jects aca and grouped into ob- 
еер it United.) to the types of forces that 

. It is these very forces that de- 


termine t 
: he densi 
ticular case, lensity of the matter in each par- 


Very inte 
compres: 


INTENSI 


ge nuclear forces are capable of 
to 105 9/cm^ atter to densities that are close 
less intense, - Because electrostatic forces are 

they permit densities that are 


20 
enormously smaller, generally of the order of 
the density of water; at the most, they can 
attain a value of about ten or twenty times the 


density of water. 

The picture changes C! 
the force of gravity. Unti 
physicists had only studie 
can be obtained by means of masses of matter 
held together by this force in the limited range 
below a hundred thousand times the density 
of water, this being the maximum value of the 
density observed in the more common of the 
dense stars. However, the force of gravity 
tends to condense matter according to the 
structure into which the matter is arranged— 


ompletely as regards 
jl a short time ago, 
d the structures that 


30 40 IF 
that of a nebula, a star, or a dense star. 
The density can be 10-'5 times that of water, 
but can reach much greater values when the 
density itself comes into play to reinforce the 
gravitational field. 
A rarefied nebula 


has little tendency to 
condense, but a star that is already dense 
(provided the conditions exist by which the 
atomic structures become weakened) will tend 
to condense even further. 

Up to the present, the gravitational field has 
not been investigated above the limit marked 
by the horizontal portion of the illustration and 
little is known about extremely high densities. 
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THE CRITERION OF COMPARISON—AII the 
equations that represent the variation of a 
force with distance contain a fraction in the 
numerator from which is read the product of 
the two quantities involved in the interaction 
(masses in the case of gravitational forces, 
charges in the case of electric forces, and so 
forth); the denominator shows a power of the 
distance that separates the interacting quan- 
tities. 

The fraction is multiplied by a constant that 
translates the intensity of the force into the 
case in which the masses (or the charges, or 
other magnitudes) are unit masses and, more- 
over, are separated by a unit distance. For a 


gravity, Newton spoke his famous phrase 
"Ipoteses non fingo," with which he indi- 
cated that he was interested only in how 
the force of gravity acted—not its origin 
or intimate nature. For over 150 years 
after Newton, the field of physics (spe- 
cifically, mathematical physics) dealt in- 
creasingly with the laws of electromag- 
netic forces; that is, forces exerted 
between magnets or electric charges, or 
induced by the movements of charges or 
magnets. However, no theories were 
found that enabled physicists to develop 
a more profound interpretation of the 
force of gravity. 

At the beginning of the present cen- 
tury a theory appeared which, at least in 
appearance, made a more profound anal- 
ysis of the characteristics of gravity: the 
general theory of relativity. This theory 
was developed by the German-born 
physicist Albert Einstein. It demon- 
strated that the gravitational field de- 
forms space in the immediate neighbor- 
hood of gravitating masses and that a 
straight line is no longer straight in the 


10 


comparison, a gram of hydrogen under normal 
conditions (that is, when it is biatomic), oc- 
cupies a volume slightly greater than 10 liters 
(about 10 qts). About 0.00001 of this quantity 
is separated. Further, imagine that the elec- 
trons and protons of these atoms are sepa- 
rated. One coulomb of positive charge and an 
equal amount of negative charge will have 
been obtained. If these two charges are ar- 
ranged (this is not possible in actual practice) 
at a distance of 1 m (about 3 ft) from each 
other, they would attract each other with a 
force of 10° tons. On the other hand, if two 
masses of 0.00001 g were placed at a dis- 
tance of 1 m from each other, they would 


Euclidean sense. On the basis of this 
theory, subsequently verified by astro- 
nomical observations, it was also seen 
that light can change its wavelength in 
moving away from a strong gravitational 
field. 

The force of gravity—which once had 
seemed to be as stable and untouchable 
as a principle of elementary geometry— 
was now seen to interact with other 
known fields; in this particular case, with 
the electromagnetic field. It was hoped 
that these laws of interaction might give 
a better insight into the nature of the 
force itself, but two factors intervened to 
delay progress in this direction. 

The first was Einstein’s unsuccessful 
attempt to construct a so-called unified 
theory of the electromagnetic and gravi- 
tational fields. He Worked a great deal on 
this during the last years of his life, but 
succeeded only in giving a phenomeno- 
logical and formal theory of the two 
fields. A real understanding of their na- 
ture was still lacking. 

The second cause of delay was that 
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attract each other with a f that is enor- 
mously smaller. This force uld, in fact, 
amount to no more than 1( ons, that is, 
10-7! mg. The force of gra n has never 
been taken into considera: з a possible 


interagent of the more ini electrostatic 


and nuclear forces. 


The criterion for constr a scale of 
these forces is provided by !imension of 
the constant of the force h particular 
case. This scale makes a co on between 
the various forces possible 

The figures at the bottom 4 scale indi- 
cate the values of the va forces. The 
force of gravitation is at th and end of 

— тет 
physics soon became огїс› oward the 
study of nuclear forces, arch began 
to move away from the ı © sical prob- 
lems of physics, which uded the 
problem of the gravitation: field. The 
discovery of forces whose nsity var- 
ied more rapidly than the inverse of the 


square of the distance brought physicists 
face to face with a new reality and with 
new mysteries. It no longer seemed feasi- 
ble to reopen the problem of gravity 
when it was quite obvious that many 
other things remained to be understood. 

It was also discovered that nucleons 
had an internal structure and that one 
had to imagine them as being made up 
of simpler units; moreover, these units 
must be held together by forces whose 
nature was as yet unknown, but which 
were likely to be different from known 
gravitational, electromagnetic, and nu- 
clear forces. 

This new discovery made it seem even 
more unlikely that an early solution 
might be found for the ancient problem 
of the force of gravity. 
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the scale: it з weakest of all the forces 
and so is аг sd a value of unity so that 
all the othe: / be described as multiples 
of it. Toward! right, but only after a long 
interval, is rce of the so-called weak 
interactions | at is, the forces that come 
into play in decay and affect the bond 
between el: › and nucleons inside the 
nucleons the es. This force is as much 
as 10?* timo: ier than the constant of the 
force of g The electromagnetic force 
EM is even ər, about 10?7 times as great 
f as the forc ravity. The force of the nu- 
clear inter: IN is one hundred times 
greater thar electromagnetic force and is 
COMPAR BETWEEN 
THE FORGES 


During the period following the 1930s, a 
number of physicists (almost stealthily ) 
continued to take an interest in the prob- 
lem of gravity, particularly with a view 
to exploring the possibility that this 
force might be important in more areas 
than those encompassed by Newtonian 
thought. Some of these scientists began 
examinations of fundamental problems 
in physics and astrophysics that were to 
Teach maturity only after the end of 
World War II. Problems of such dimen- 
sions are very closely connected with the 
Possibility of carrying out appropriate 
postions, If, therefore, a physicist 
ackles them without having an oppor- 
tunity to make any experiments, his work 
is only an interesting effort that is des- 
= to remain sterile, Only when a num- 
3 E of research physicists dedicate them- 
E an to studying both the theoretical 
nd instrumental part of a problem are 
useful new insights gained. 


at the right-hand end of the scale. This scale 
has been left open because new forces might 
yet be discovered; for example, the force that 
binds the subnucleonic components and that 
is likely to be enormously greater than any of 
the forces so far considered. The force of 
gravity can be seen to be extremely small 
when compared with the other forces, to the 
extent that it was considered (with justifica- 
tion) to be negligible with respect to these 
others. This point of view is correct only when 
one considers quantities of matter that are 
either small or have a low density. The situa- 
tion changes completely when these magni- 
tudes assume greater values. 


For example, the penetrating prelimi- 
nary analysis made by the American 
physicist J. Robert Oppenheimer in the 
investigation of neutron stars would have 
remained a piece of paper—and conse- 
quently fruitless—if it had not been for 
the subsequent discovery of pulsars. 

It may well be that in the case of gravi- 
tational theories, only the study of qua- 
sars and pulsars will permit the discovery 
of some phenomenon that could lead to 
fruitful results in the practical field. 
These bizarre objects first detected in 
1961 represent one of the fundamental 
astronomical discoveries of the twentieth 
century. 

The initial considerations of the force 
of gravity were confined to only those 
cases involving enormous quantities of 
matter. Although a man’s body also has 
a certain mass and exerts a gravitational 
pull on the body of another man, this 
attraction is so weak that it does not play 
any part in the movements made by 
either individual, The entire mass of the 
Earth must come into play before a man’s 


mass is attracted with a force that is quite 
appreciable-that is, the weight of the 
individual. 

A few decades ago, it was reasoned 
that if two neutrons are brought close 
together they are subject to gravitational 
attraction, but this attraction is negligible 
when compared with the nuclear forces 
that the two particles exert on each other. 
Gravity was therefore neglected. How- 
ever, it was noted that under special con- 
ditions matter can produce gravitational 
fields so intense that the energy included 
and the other phenomena of motion be- 
come comparable to those caused by the 
forces of a stronger type. 

Physicists, therefore, tried to construct 
a new theory of gravitational forces. 
They began to study their effect on mat- 
ter under particular conditions and came 
to consider certain phenomena that re- 
quire and suggest a new road for the 
study of the force of gravity. Among 
others, these phenomena include the so- 
called gravitational collapse of matter, 
or gravitational catastrophe—a phenome- 
non that implies nothing less than the 
disappearance of matter from the uni- 
verse. 

Such an event involves forces of pres- 
ently inconceivable values. Its considera- 
tion exemplifies how the once-neglected 
force of gravity ultimately may be of 
greater importance than forces of an elec- 
tromagnetic or nuclear nature, It is this 
direction of modern physics that makes 
the characteristics of the force of gravity 
of significance to the scientist. 
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the stabilit 
in the unis 


all bodies 


GRAVITATIONAL WAVES | 


All bodies in the from the 1 
planets down to the smallest particles of 


universe 


matter, have a mutual attraction for one 
another, Newton first demonstrated this 
in his law of universal gravitation, Sub- 
sequent experiments have shown that no 
matter what the circumstances, gravita 


tion is always acting between two given 


bodies and cannot be destroyed under 
any known circumstances. 

The gravitational constant is the gravi 
tation 
exerts 


| force that a body of unit mass 
n another body with the same 
mass at a given unit of distance from it 


Nuclear forces are contained within a 
very small volume (the nucleus of an 
atom) and decrease rapidly a few diam- 
eters away from the nucleus. Electro 
magnetic forces have a much greater 
radius of action, but since not all matter 
is electromagnetic, this 
limited. 
Gravitational 


interaction is 
forces are effective at 
any distance, but depend on the size (or 
mass) of the objects involved. In theory 
the mass of a body that is constantly in 
creasing in density will ultimately reach 
а state of gravitational collapse. In this 
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EVOLUTION OF GRAVITATIONAL 8 ABILITY 

^ gravitating sphere with a definite mass 
and radius will exhibit a pressure at its center 
that can be determined. In fact а result 
Of gravitational attraction, this pressure in- 
Greases in direct proportion to the decrease 
in the volume of the sphere. 

In the graph, the abscissa represents a 


MASS, DIAMETER AND GRAVITATIONAL STA- 
BILITY—Several bodies with very different 
masses are shown in Illustration 1. Tho first 
(Illustration 1a) is quite small in the astronomi- 
са! sense (an asteroid or meteorite), with a 
mass between a few and several hundred 
kilograms. In space, it exerts little gravitational 
force and can easily be fragmented. It would 
also be incapable of reuniting these fragments 
into à whole except at very low speeds. The 
pressure at the center of this body is very 
small, so much so that the constituent atoms 
are too solid to be condensed and rigid 
enough to withstand static gravitational pres- 
sure 


magnitude that is the inverse of the radius 
of the sphere, while the ordinate represents 
^ magnitude equal to the gravitational pres 
биге at the center of the sphere. in the case 
of а nebula, the sphere would gradually lose 
energy and contract with a subsequent in- 
crease in pressure until equilibrium is upset 
A new equilibrium state then results that cor- 
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peed of light 


high temperature produces collisions between 


atoms of these gases, and the resulting pres 
sure is enough to withstand gravitational at 
tractions. This ongoing reaction is, however 
quite unstable since the fuel can be exhausted 
In this case, 
with 
neutron star) 

The stability of a normal star (11091 ation 16 


in the face of gravitational attractions is aieo 
Certain 


due to pressures of thermal origin 


characteristics of the physical structure 
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therefore, only rapid changes in the 
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detectable gravit 


shape ive body 


would produce 
radiation. 


For a long time, no scientist 


to confirm the existence of grav? ma 
waves. Finally, in 1969, Joseph Weber 
an American physicist, rep od that he 


had actually observed this kind of radia 


tion. Weber used specially constr tr 
equipment consisting of à large al 
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à vacuut chamber by n 
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disturbances 
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Nobulas and galaxies (Illustration 11) are o 
considerably greater size than the various 
stars and have masses that vary 
thousand lo а few million times 
sun. They avoid gravitational c 


of their great size and because 
pressures (thermal, atomic, of nucieonic) are 
divided among stars and other bodies that 


constitute the nebula of galaxy 


Finally, а quasar (Mustrabon 10) has a 
mass far denser than any other celestia 
М la thus very close to а state of gravit 
collapse, which may account for the unusually 


brig blue and 
waves detectable from great distances 
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GRAVITATIONAL STABILITY OF HEAVENLY 
BODIES—The radius and mass of several ce- 
lestial bodies can be used to illustrate their 
relative gravitational stability. The bases of 
the solids in this case enclose points that cor- 
respond to bodies that really exist in the uni- 


Verse. These areas have been raised (made 
Solid) to show up more clearly; the oblique 
line at the bottom right is that area in which 
the bodies are considered stable. 

This stability is the result of the forces 
mentioned (elasticity of atoms, rigidity of 


nuclei, thermal or mechanical agitation, ET 
So forth). Those bodies with a very M 
radius and large density are those incap ШС 
of withstanding gravitational attractions; S! uid 
bodies continue to contract until new eq 
librium states are reached. 
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FORCE FIELDS | weight, gravity, and falling bodies 


To understand how an object is acted 
upon by a force, the nature of the force 
must be known. The force may come 
from within, as in a ship or a car run by 
an engine, or the force may be external, 
as in the case of a falling body pulled 
earthward by the force of gravity. 

1 


DIFFERING FIELDS OF FORCE—A rope pull- 
ing on a hook is an example of a single force 
concentrated at a point (Illustration 1). 

The force of attraction directed toward the 
center of the Earth is a force that decreases 
with an increase in altitude above the Earth 
(Illustration 2). The arrows show the directions 
that such force takes. 

At every point in space surrounding the 
Earth, a mass is acted on by the Earth’s gravi- 
tational force of attraction (Illustration. 3). 
Those forces far from the Earth are small 
(short arrow); those closer are greater (long 
arrow). 


3 


To predict the behavior of a free-fall- 
ing body, all the forces to which it will 
be subjected during the course of its fall 
must be known. If it falls only a few feet, 
it will be subject to a fairly constant 
force. But if it falls for many miles, as a 
space vehicle does, the force will vary, 
2 


increasing as the falling body comes 
under the influence of the Earth’s gravi- 
tational field. 


FIELDS OF FORCE 


To understand the motion of a free-fall- 
ing body, and to make predictions about 
its motion, all of the forces that will act 
on the body during its fall must be con- 
sidered. Suppose that a hook is attached 
to a wall and that someone is pulling on 
the hook with a rope, as in Illustration 1. 
The direction of this pulling force will be 
away from the hook and in the same 
direction that the rope is stretched. The 
problem would automatically be local- 
ized at one point and would have to take 
into account only the one force. 

As another example of a single force, 
assume that some heavy body, such as an 
anvil, is attached to a dynamometer (an 
instrument which shows what force the 
anvil is being subjected to at any given 
point in space). Assume also that the 
anvil is near sea level and that the dyna- 
mometer shows that the anvil weighs 20 
kg (about 44 Ib). It is then obvious that 


a 20-kg force is pulling nvil toward 
the center of the Earth force can be 
represented by an arro е length is 
proportional to the for that points 


from the middle of the 
center of the Earth. 
Now suppose the sai 


toward the 


vil is moved 


E 


to a position that is 100 :bout 62 mi) 
above sea level. The ometer will 
show that the anvil : ighs about 
0.5 kg (about 1 Ib) | in it did at 
sea level. The weigh is still di- 
rected toward the Esr center. An 
arrow indicating the ‹ ion of force 
at this new location wili ^ot be parallel 
to the first arrow; rather, Loth arrows will 

enter, as in 


point toward the Earth: 
Illustration 2. 

These two tests suggest that at any 
point in space around the Earth a ma- 
terial body is subject to a force, called 
weight, which is caused by the Earth's 
gravitational pull on the object, and that 
the force decreases as altitude increases. 
More precise tests would lead to the con- 
clusion that there is a field of force 
around the Earth that exerts a pull on 
a physical body that is directly propor- 
tional to the mass of the body (the quan- 
tity of matter in it), and inversely pro- 
portional to the square of the distance 
of the body from the center of the Earth. 
A chart could be made showing the 
weight-force that will act on a solid ob- 
ject at any point around the Earth. 
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nts the Earth as seen 
graphic North Pole 
з Pole at the bottom. 
ted at a point on the 
n of the vertical axis 
le, at a distance many 
the Earth's diameter. 


Illustration 3 r« 
from space. 1! 
is at the top, it 
Imagine being 
imaginary pro 
above the Nor: 
times greater | 


Then imagin: ing, down along the 
axis, ап arrow resenting the weight 
of an object a t point. Next, imagine 


rojected axis to the tip 
weight of the object 


moving down 
of the arrow 


will be great in it was originally. A 
new arrow, 7 nting the new weight 
of the objec! d be longer than the 
first arrow. 

Then, mo n to the point of the 
new arrow- iding the weight of the 
object incre ill more—a longer ar- 
row can be 1. One could continue 
in this fashi til reaching the surface 
of the Eart} d the series of arrows 


would form 
nal position 
straight linc 


ight line from the origi- 
he Earth’s surface. This 
presents a line of force. 


ee the Ea h's gravitational field of 
уы all the lines of force are straight 
ines converging at the center of the 


Earth. (In many other situations, how- 
ever, the lines of force are not straight; 
such lines could be studied in the same 
way, but for now it is only necessary to 
be concerned with those essential to 
T ME the forces around the 


EQUIPOTENTIAL SURFACES 


n everyone knows, a car traveling on a 
Sing must continually use gasoline. 
E. e not have to overcome road fric- 
va nd wind resistance, it could simply 
TOW and on. When the car travels 
Sure уе uses even more gasoline be- 
ity С he engine is working against grav- 
ха | [ш downhill, the car’s engine will 
edes s gasoline than on a level road 

se gravitational field forces are 


EQUIPOTENTIAL SURFACES—In any field of 
force, each equipotential surface possesses a 
unique property: every point on that surface 
has the same potential. Different surfaces have 


working in the car's favor. 

From the car analogy, it can be seen 
that whenever a body that has weight 
moves along a spherical surface concen- 
tric to the surface of the Earth it neither 
gains nor loses energy because of gravi- 
tational field forces. Illustration 4 shows 
some spherical surfaces around the 
Earth along which a body can move 
without losing or gaining energy. These 
spherical surfaces are called equipoten- 
tial surfaces of the field. 

From all points on any one of these 
spheres, à body dropped toward the 
Earth would acquire an identical quan- 
tity of energy during its fall. Therefore, 
at all points on a spherical surface con- 
centric to the Earth's surface, a body 


possesses the same “potential energy” be- 


different potentials, or forces. The surfaces 
are shown concentric with the Earth's sphere. 
The force of gravity acts equally on any point 
of a given equipotential surface. 


fore it falls toward the Earth. 


A FIRST APPLICATION: 
THE CIRCULAR ORBIT 


Suppose an object is propelled into the 
Earth's gravitational field (or into the 
gravitational field of any celestial body) 
with a specific velocity perpendicular to 
a line of force. If the velocity is suffi- 
ciently great, the object will achieve a 
permanent circular path concentric to the 
Earth's surface. This takes place when 
the centrifugal force acting on the object 
is equal to the gravitational force acting 
on it. 

In the case ou 


continue eternally 
long as no other forces intei 


tlined, the object will 
in its circular orbit as 
rvene. Since 


152 


A SATELLITE ON AN ELLIPTICAL ORBIT— 
During its orbit, the satellite crosses several 
equipotential surfaces of differing values. As 
it approaches the Earth, the field forces im- 
part positive kinetic energy, increasing the 
satellite's speed. As it travels away from the 
Earth, its speed is slowed by the negative ef- 
fects of the same forces (Illustration 5). 


ATTRACTION BETWEEN OPPOSITE CHARGES 
—This diagram (Illustration 6) shows the force 
field created by two electric charges with op- 
posite signs but identical values. If another 
charge is placed within the field, it will be 
acted on by a force whose direction is tan- 
gential to the line on which the charge is 
located. 
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ipotential surfaces, 
in this portion of its 
slow down because 
acting in a direction 
п. It is possible to 
natical formulas the 
force and the equi- 
f the Earth's field. 
s, it is possible to 
hape of the body's 
itational field of the 


С, becomes gre: 
As it moves fr 
again crosses th 
but in reverse Or 
orbit, the body 
the field’s force 
opposite to its 
describe with m 
shape of the lin 
potential surfa 
Using these fo 
predict the ex 
orbit within th: 


Earth. This ki: alculation is, in fact, 
used by scie: in determining the 
orbits of plan: ! satellites. 

A MORE DI: LT CASE: 

THE DIPOI.: 

In addition t » force fields caused 
y gravitatic ere are many other 
E" One e e is the force created 
y an electri: i. An electrical charge 


has around i: 
attract. unlik 
charges. The 
lated electric 
to Illustratior 
Suppose two electric charges of e ual 
strength—one positive and x deis. 
E placed next to each other. If a third 
a is placed in the space surrounding 
a two charges, it will be subjected 
a | үе that is similar to that shown in 
a P ration 6. An atom that has lost an 
A Hes the electron itself, if not 
b. istant from the atom—will form a 
Held with lines of force like those shown 

in Illustration 6. 
gon 7 provides another graphic 
E ple of a field formed by two centers 
orce, In this case, the two charged 
pue possess the same positive 
EL " a third charge with the same 
A Pu p aced on any of the lines of force, 
E. e repelled by both charges, and 
E. es outward along the line of 
os abs ile a charge with the opposite 
be attracted toward the charges 


eld of force that will 
ıarges and repel like 
e field around an iso- 
irge would look similar 
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REPULSION—This is an example of a field of 
force due to two charges of the same sigr 
intensity. A third charge of 


the same sign as the other two would be re- 
pelled along similar lines; a third charge of 
opposite sign would tend to be attracted. 


and of the same 


and will move inward along the line of 


force. 
A PRACTICAL CASE 


]t has been established that knowledge 


of a field's forces will allow the motion 


of bodies within the field to be predicted. 
To diagram the motion of a space probe 
traveling toward the moon, for instance, 
it must be known to what extent the 
Earth's gravitational field is changed by 
the moon's. This calculation is compli- 
cated by the fact that the moon is in 
motion with respect to the Earth. At a 
given point in space around the Earth, 
therefore, the forces exerted by the moon 


and the Earth change continuously. 

Another practical example, shown in 
Illustrations 8 and 9, is an electron travel- 
ing through a thermionic (vacuum) tube 
—in this case a triode, a type of tube 
often used as an amplifier in electronic 
circuits, The triode is composed of a 
cylindrical metal sleeve from which elec- 
trons are emitted. The electrons pass 
through a surrounding concentric wire- 
mesh cylinder that attracts them and are 
then collected on a metallic plate. By 
knowing the shape of the force fields to 
which an electron in this system will be 
subjected, the geometrical characteristics 
of its trajectory, as well as the peculiari- 
ties of its movement, can be predicted. 


THE TRIODE— A 


Fields of force 
are applied in 
many branches 
of science. The 
pattern of 
forces on an 
electron inside 
a thermionic, 
or vacuum, 
tube is shown. 
The letters a, 9, 
апа к герге- 
sent, respec- 
tively, the 
anode, the grid, 
and the 
cathode. Illus- 
tration 9 repre- 
sents the ways 
the potential of 
the grid varies 
the field of 
force with the 
relative line of 
force. In the 
event in which 
the potential is 
— 20, no elec- 
tron emitted 
from the 
cathode will 
pass through 
the mesh of 
the grid. When 
the potential is 
—2, the elec- 
rons emitted 
rom the 
athode reach 
he anode and 
ays main- 
ain a value 
hat is positive 
ith respect to 
he cathode. 
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ure of the atomic nu- 
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rtain kinetic energy. 
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important 
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s through 
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3 reaction 
` ап atomic nuc 


Usually, anot! 


particle is em 


‘in the form of romagnetic radiations 
such as gam s. 

Chemists d be the atomic nucleus 
simply as that of the atom in which 
are concentra Imost all of its mass 
and the posi: harge that keeps the 
electrons in t ious orbits. The nu- 
cleus is com; of neutrons and pro- 


tons; its tota rge is the sum of the 


single charge protons, and its mass 
is approxima! e sum of the masses of 
its protons an itrons. 

Because n ır reactions are ex- 
tremely com; and varied, physicists 
try to cause ist range of such reac- 
tions by bom!» cing all kinds of nuclei 
with many different kinds of particles 


with all the energy values to which the 
particles can be accelerated. Some of 
these particles are protons, neutrons, and 
in Some cases electrons, deuterons, alpha 
particles, or electromagnetic radiation. 
The range of the energies of the par- 
ticles used is very extensive, from ther- 
mal energies up to the high energies pro- 
duced by large accelerators. 

It is in fact possible to induce both 
atomic and nuclear reactions by impact 
between particles having energies of the 
order of the kinetic energy of an atom 
at ordinary temperature. An example of 
the former is the case of oxygen and iron 
atoms—mere contact of the two atoms is 
practically sufficient to bring about a re- 
po of combination. In the same way, 
i ср low approach energy of a 
E is sufficient to bring about a 
jm formation of the nucleus it meets; 
ü e to produce a nuclear reaction. In 

ese instances, the energies released are 


of the order of only a few electron volts. 

On the other hand, at energies exceed- 
ing 1 Bev (one billion electron volts), a 
particle striking the nucleus will cause 
most of its changes in the nucleons that 
compose the nucleus. In this range of 
energies, the collision between the bom- 
barding particle and the nucleons of the 
nucleus occurs as if the nucleons were in 
a small, loosely bound cluster, because 
the binding energies of the nucleons— 
the energies that keep them together to 
form the nucleus—are so minute in com- 
parison with the energies of the collision 
itself as to be insignificant. This range of 
energies may be called the range of sub- 
nuclear reactions. The reactions occur- 
ring in this range provide information 
about such elementary particles as the 
nucleons themselves, rather than about 
the structure of the nuclei. Various kinds 
of mesons and so-called strange particles 
are produced at very high energies in 
these collisions; therefore, this range of 
energies is used to investigate mesonic 
phenomena. 

In 1935 the Japanese physicist Hideki 
Yukawa predicted the existence of 
mesons. They were detected by U.S. 
physicists who were making high-altitude 
studies of cosmic radiation in 1937. Meson 
theory became an important part of nu- 
clear and high-energy physics. Mesons 
take their name from the Greek mesos, 
meaning middle, because they have 
masses that are intermediate between 
those of electrons and protons. Since their 
discovery in cosmic radiation, mesons 
have been produced by high-energy par- 
ticle accelerators. A considerable variety 
of these particles has been discovered; 
some are neutral, while others carry a 
unit of positive or negative charge. They 
differ not only in their charge but also in 
their masses, spins, lifetimes, and modes 
of decay. The most common mesons are 
pi-mesons and K mesons. At least the pi- 
mesons (one class) are closely connected 
with the forces that bind the nucleons 


into stable nuclei. 


FAR RE ACTIONS | fromulow to, high energies 


INTERMOLECULAR, MOLECULAR, ATOMIC, 
NUCLEAR, AND SUBNUCLEAR PHENOMENA 
—This table summarizes the energies at 
which the principal categories of physical 
phenomena take place. 

The scale at the top of the table covers 
the entire range of energies involved in this 
kind of phenomena, in electron volts. The 
green bars below this scale indicate the 
range of energies within which each category 
of phenomenon occurs. The pink bars repre- 
sent the energy ranges of the more familiar 
kinds of energy-producing devices, including 
accelerators. The blue bar at the bottom rep- 
resents the energy range of cosmic rays. 

The green bar at the top left corner repre- 
sents the category of phenomena that may be 
designated as intermolecular; these phe- 
nomena involve the least amount of energy. 
If some atoms or molecules are placed near 
each other, they manifest forces of reciprocal 
attraction that keep them together to form 
solids or liquids. These same forces are also 
the forces important in the collisions between 
the molecules of a gas. Such forces are rather 
weak, and range from 0.01 ev to little more 
than 1 ev. If, for example, a particle with а 
kinetic energy of many electron volts is pro- 
pelled against a solid, each time this particle 
collides with an atom of the solid it will lose 
an amount of energy exceeding the binding 
energy of the atom it has struck, and the atom 
will be displaced. Even though the collision 
is local, the entire crystalline structure of the 
solid is destroyed. The weakest interaction 
between an accelerated particle and matter 
thus ruptures the very structure of the matter. 

Chemical phenomena represented in the 
second green bar involve the energies devel- 
oped in the attraction that takes place between 
atoms—the so-called binding forces. These 
vary from à fraction of an electron volt to à 
maximum of a few electron volts. This range 
of energies is far below that involved in the 
more common nuclear reactions. 

A somewhat higher and more extensive 
range of energies is that involved in atomic 
phenomena (third green bar), those involving 
the bond between the electrons and the nu- 
cleus of the atom. The emission and absorp- 
tion of light, ultraviolet radiations, x-rays, and 
the ionization of atoms in a plasma as à re- 
sult of collision—all belong within this range 
of energies. At one end of the range, very 
small energy exchanges, of approximately 0.1 
ev, may be sufficient to cause the emission of 
electromagnetic radiations; at the other end 
of the range, energies of more than 100,000 
ev (105 ev) are needed to extract the inner- 
most electrons from atoms. A particle accel- 
erated to an energy of many million electron 
volts, therefore, not only breaks the bonds 
between atoms, but also destroys the elec- 
tronic structure of the atoms themselves. 
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The fourth green bar represents the range 

of nuclear reactions caused by neutron col- 
lisions. Such reactions take place over a very 
wide range of energies, from a fraction of an 
electron volt (a neutron with such energy is 
called a thermal neutron) up to about 10° ev 
(1 Bev), 

The next, very short bar represents nuclear 
reactions with charged particles having suffi- 
cient energy to overcome the repulsion of 
the nucleus. Electrons, because of their very 
small mass, are not particularly suitable for 
the production of nuclear reactions; most 
charged particles (such as protons and deu- 
terons) used for nuclear reactions are all posi- 
tively charged. Before colliding with the nu- 
cleus, such charged particles must overcome 
the repulsion caused by the positive charge 
of the nucleus, The intensity of this repulsion 
depends on the charge of the Propelled par- 
ticle, the charge of the nucleus about to be 
bombarded, and certain additional Properties 
of that nucleus. In very rough approximation, 
a particle with a charge z about to strike a 
nucleus with an atomic number Z and an 
atomic weight A must have an energy of 
about zZa'/ Mev. In general, an energy of 
about 1 Mev is necessary In order to produce 
a nuclear reaction with a charged particle. 

The last of the green bars, with a very ex- 


tensive energy range above 10° ev (1 Bev), 
represents interactions among subnuclear par- 
ticles. At this energy level it is of little im- 
portance whether the particle struck is or is 
not part of an atomic nucleus. For the same 
reason it is of no importance, in studying 
Collisions in this energy range, whether the 
target nucleus is surrounded by all or only 
Some of the electrons indicated by its atomic 
number, or whether the atom does or does 
not form part of a solid. The binding energies 
of the electrons as well as those linking the 
atoms of a solid are of a magnitude that 
neither contributes to the collision phenomena 
occurring between nucleons nor limits these 
phenomena; and this applies also to the bind- 
ing energies that link the target nucleon to 
the other nucleons in the nucleus. The upper 
limit of this range of energies is very high, 
as much as 10?! ev (1 trillion Bev), corre- 
sponding to the energy of a bullet fired from a 
small-caliber gun. Particles with Such high 
amounts of energy cannot be produced in the 
laboratory, but they are found in cosmic radi- 
ation. 

The pink bars indicate the energy ranges of 
Some man-made devices used in the labora- 
tory. The first bar represents diodes, every- 
day thermionic tubes, in which the energy 
level ranges from about 10 ev to a few thou- 


sand electron volts or, in very special cases, 
above 10,000 ev. The range of energies to 
which electrons must be accelerated to pro- 
duce x-rays from an anticathode extends from 
10,000 to 1,000,000 ev (1 Mev). The most power 
ful of the accelerators so far constructed pro- 
vide energies of about 30 Bev. Energies 
greater than this, up to several hundred Bev, 
will be obtained by means of even larger ас“ 
celerators now being designed. 

The blue bar at the bottom represents the 
energy range of cosmic rays. The left ро 
represents the energies of cosmic partl 
found in the so-called secondary spen 
the spectrum of rays that can be observe 
within the atmosphere. The right portion P. 
resents the primary spectrum, the rays b 
arrive from space. Because of the vast Meh 
of the energy spectrum of cosmic rays, It 
easy to understand why physicists always 
had recourse to these rays when they een d 
to produce nuclear reactions before os 
energy accelerators were available. Hone 
accelerators are now generally preferred po 
cause they make it possible to carry od 
periments more rapidly and under control d 
conditions. Nevertheless, as science con 
its exploration of reactions that take И a 
the highest energy levels, cosmic radial 
must still be used. 
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When the n chemist Dmitri Men- 
deleev org { his system for tabling 
the known nts by their ascending 
atomic wei t became apparent that 
the table ‹ ned a number of gaps. 
This was n rise to chemists, who had 
for some y: sen discovering new ele- 
ments in n ind adding them to the 
table. 

Mendele riodic table of elements 
was nearly :plete-only a few gaps 
remained. үсе in nature could be 
found, for ple, of element 43, tech- 
netium, anc ient 61, promethium. At 
the time, t iystery could not be ex- 
plained, as s not yet known that the 
abundance elements depended on 
their. nucl: roperties (unknown in 
those day: not on their chemical 
properties. 

Further: he listing of the ele- 
ments in ling order of atomic 
weight sc: » terminate at element 
92, uraniu re was no way of de- 
termining any elements existed 
beyond ur », although the periodic 
system did «clude their existence. 

In subs: lecades, nuclear physics 
made it pe to clarify the concept of 
atomic nur ıs the number of charges 
in the nuc! r the number of electrons 
contained i). ııe atom, and also to clarify 
the concept of an isotope—a nucleus dif- 
fering from another by the number of its 
neutrons bul not by the amount of its 
charge. The concept of the isotope high- 


lighted the reason for fractional values of 
atomic weights: an element as found in 
nature is a mixture of various isotopes, 
and even if each isotope were to have an 
integral atomic weight, the mixture of the 
isotopes—of practically constant compo- 
sition throughout the crust of the Earth 
—must necessarily have a fractional value 
of mass. Subsequently, when accelerators 
and nuclear reactors permitted physicists 
to accelerate subnuclear particles or even 
whole nuclei, it became possible to fabri- 
cate new nuclei artificially. These new 
maei were isotopes of other elements 
F^ were already known or that showed 

е characteristics of elements that would 


Оссиру places beyond uranium in the 
periodic table. 


PRODUCTION 
ARTIFICIAL NUCLEI 


ARTIFICIAL ISOTOPES AND 
TRANSURANIUM ELEMENTS 


Nuclear physics states the conditions 
under which a nucleus is stable. If the 
protons and neutrons are to remain 
bound within the nucleus, it is essential 
that their unity reflect a ratio based on 
the number of protons. For light ele- 
ments this ratio is of the order of 1; that 
is, there are as many protons as there are 
neutrons; in the case of the heavier ele- 
ments, however, the neutron-proton ratio 
tends toward a value of 1.5. The neutrons, 
therefore, appear to be the binding 
agents needed to overcome the repulsive 
force of the protons, all of which carry 
positive charges and so would tend to 
repel each other. If the optimal number 
of neutrons is exceeded, the nucleus will 
become unstable—and likewise if the 
number of neutrons is insufficient. In the 
case of nuclei with high atomic numbers, 


completing the periodic 
table of elements 


however, the lack or the excess of one or 
even a few neutrons may still leave the 
nucleus stable. 

If one of these stable isotopes is bom- 
barded with a neutron in such à way 
that the neutron remains in the nucleus, 
the result is a nucleus with an excess 
neutron. Alternately, if the nucleus is 
bombarded with a proton, the result will 
be a nucleus with an excess proton. The 
same result can be obtained by bombard- 
ing the nucleus with a deuteron or an 
alpha particle, both of which have a pro- 
ton-neutron ratio equal to 1. If the bom- 
barded nucleus is a heavy one, it will ac- 
quire an excess of positive charge that 
will render it unstable. 

Nuclei with an excess of protons are 
unstable and will emit positrons (posi- 
tive electrons); those with an excess of 
neutrons will emit electrons. The radio- 
activity in the former case is thus B+, 
while in the latter case it is B=. 
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THE THEORY OF IRRADIATION—To produce 
an artificial radioisotope, a parent element 
must be bombarded with suitable particles. 
The parent may be stable or radioactive. If it 
is stable, or if it is radioactive with a long 
period of decay in relation to the length of the 
experiment, the bombardment of the parent 
substance can be carried out without concern 
for its decay during the experiment. 

Even so, if a nucleus that does not exist In 
nature is produced, it will be radioactive and 
will, therefore, disintegrate during its produc- 
tion. If its disintegration Is rapid and if a rea- 
sonable amount of the isotope is to be pro- 
duced, the bombardment must be carried out 
with a beam of high intensity—a beam In 
which a relatively large number of particles 
passes per square centimeter per second. A 
weaker beam would result in nuclei disinte- 
grating during the bombardment itself; at the 
end of the experiment the sample would be 
poorer in the parent substance and enriched 
in the nuclide of the second generation, while 
the daughter nuclide, the object of the experi- 
ment, would be very nearly absent. 

Curve a in the graph shows how the number 
of daughter nuclides grows when the bom- 
bardment is effected by means of a low in- 
tensity beam and the daughter nuclide dis- 
integrates rapidly. ^ saturation point is quickly 
reached, and the density of the daughter nu- 
clide does not increase as the Irradiation is 
prolonged. To obtain a greater density of the 
daughter element, а beam of higher intensity 


. Such a beam results їп a greater 
нкү Increased density 


saturation density, and the 
of the daughter nuclide will be exactly pro- 


portional to the increase in the Intensity of 
the bombarding beam, as shown by curve b. 


Beams of very high intensity are therefore 
used for the production of elements that decay 
very rapidly. 

Curve с, on the other hand, shows tho 
growth in the density of the daughter element 
when a beam of the same intensity as in a is 
used but when the daughter nuclide 

d 


daughter element will now be at 
time required to reach this saturation density 


will be greater. 
H 
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BEAM GENERATORS—in general, most arti- 
ficial nuclides with atomic numbers below 92 
are produced by means of nuclear reactors. 
The particle that carries out the bombard- 
ment is normally the neutron. In order to ob- 
tain high densities of daughter nuclides that 
decay very rapidly, it is essential to Provide 
a very intense stream of neutrons, 

For small bombardment experiments and 
the production of the more common radioiso- 
topes, nuclear reactors such as that shown in 


Illustration 2a are used. Because such а re- 
actor produces a moderately intense flow of 
neutrons in a fairly restricted space, its total 
power is very modest. A reactor of this type 
is easy to control by very simple methods. 
Such reactors are used for teaching purposes; 
they produce small quantities of artificial 
radioisotopes. 

Where considerable quantities of radioac- 
tive materials with brief periods of decay are 
required, reactors that provide a very intense 


beam of neutrons are used. Such d 
(Illustration 2b) are often used to ios 1 
dioactivity of materials to be used in t pe 
Struction of new types of reactors. То dne 
plete these tests in the shortest possible MES 
these testing reactors have very high nor 
flows that will generate nuclides having 
brief disintegration periods. Л в, 
For the Ез АН of transuranium be 
ments, beams of charged particles полага ў 
by an accelerator (Illustration 2c) are U 


ОНОЛДУ: are accelerated to energies be- 
an Men ev and 10 Mev. The beam of such 
detined erator is concentrated on a well- 
able ыр of the target by means of suit- 
possible 1108; This concentration makes it 
particles moines the high flux of charged 
the required wes for producing nuclides at 
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THE ASCENDING SCALE IN THE TABLE OF 
THE  TRANSURANIUM ELEMENTS — This 
graph illustrates the principle followed in pro- 
ducing transuranium elements with a high 
atomic number. The graph represents a ge- 
neric part of the table of the transuranium 
elements. The light green squares indicate the 
nuclides that have been produced. The dotted 
squares indicate the stable nuclides. 

4 If the average life of an artificial nuclide 
is long—many days or years—the nuclide 
can be separated by chemical means after it 
has been produced by bombardment. This is 
a very useful operation because it concen- 
trates the nuclide; therefore, its subsequent 
bombardment will be more efficient. In fact, 
it would be quite useless to have a very in- 
tense bombarding beam if the target contained 
only a few dispersed atoms of the parent ele- 
ment. Thus, a transuranium element with a 
high atomic number is produced from a par- 
ent element that is sufficiently stable and that 
can be concentrated by chemical means. Its 
neighbors are then examined in order to de- 
termine whether there exists another stable 
element two, three, or four atomic numbers 
further up the scale. Beginning with the parent 
element marked 1 on the graph, for example, a 
dotted square occurs two columns to the right 
and five columns up; it is, therefore, conven- 
ient to bombard the parent nuclide with alpha 
particles, which will increase its atomic num- 
ber by two squares and its mass by four 
squares, thus bringing it exactly to the desired 
point 2. The next square with a sufficiently 
stable nucleus occurs four atomic numbers to 
the right and nine mass numbers further up. 
The nuclide best fitted to serve as a bombard- 
ing projectile is thus Be’, which has an atomic 
number of 4 and will bring the nuclide exactly 
to the desired point. The explorative phase 
begins at this point, beyond which many con- 
centrated targets of this last nuclide are pre- 
pared and bombarded with every available 
particle in order to determine if some particle 
will give rise to stable nuclides. It is unneces- 
sary to isolate the different particles: the spec- 
trum of the particles of disintegration is suf- 
ficient for ascertaining the presence of a new 
nuclide. 

Attempts are being made to extend the peri- 
odic table of elements by bombarding nuclei 
with relatively heavy elements, such as car- 
bon. Nevertheless, only nuclides with very 
rapid disintegrations are being obtained. The 
half-lives of nuclides above the atomic num- 


The very heavy elements are placed at 
the limit of the periodic table. If one of 
these elements is bombarded with heavy 
particles such as alpha particles, their 
mass number will increase by a value of 
4 and their atomic number by a value of 
2, If uranium (element 92) is bombarded, 
the end result is plutonium (element 94). 
This can also be produced by adding a 
neutron to uranium-238, as in a nuclear 


reactor. The element obtained this way 


ber 100 are all less than half an hour—too 
short a time to attempt chemical separation. 
It is probable that Mendeleev's periodic table 
cannot be extended much further, and that not 
many artificial nuclides will be produced be- 
yond ?5*Md and 254No. 
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can be bombarded a second time to ob- 
tain an element that is beyond uranium 
in the periodic table. Its mass number 
can be further increased by bombarding 
it once more, However, it is more practi- 
cal to take longer steps and carry out 
bombardment with nuclei heavier than 
the helium nucleus—lithium and beryl- 
lium nuclei, for example. By such meth- 
ods it has been possible to produce cer- 
tain of the transuranium elements. 
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ampere 
Angstrom unit 

absolute 

alternating current (as an adjective) 
atomic mass unit 

atmosphere 

atomic weight 

astronomical unit 

avoirdupois 


one billion electron volts 
brake horsepower 

brake horsepower-hour 
boiling point 

British thermal unit 


temperature Celsius; temperature 
Centigrade 

candle 

calorie 

cubic feet per minute 

cubic feet per second 

centimeter-gram-second (system) 

centiliter 

centimeter 

square centimeter 

cubic centimeter 

coefficient 

cologarithm 

cosine 

cotangent 

candlepower 

cosecant 

cubic 

cubic foot 


decibel 
direct current (as an adjective) 
dozen 


electromotive force 

the base of the system of natural 
logarithms 

electron volt 


temperature Fahrenheit 
freezing point 

feet per minute 

feet per second 

foot; feet 

square foot 

cubic foot 


lb/ft? 
Ib/ft* 
Ib-in. 
l-hr 
lin ft 
log 
log, 
long. 


m 


ABBREVIATIONS 


footcandle m? 
foot-pound mê 
ma 
universal gravitational constant Mev 
gram mg 
gallon mh 
gram-calorie mi 
gallons per minute mi? 
gallons per second min 
m-kg 
hour ml 
photon energy mm 
horsepower mm? 
hertz (cycles per second) mm3 
my 
electric current mph 
inside diameter mphps 
inch mv 
square inch 
cubic inch N 
inch-pound | 
inches per second n 
joule OD 
oz 
temperature Kelvin (absolute) 
kilocalorie 
kilogram pH 
kilogram-calorie ppm 
kilogram-meter ps 
kilograms per cubic meter psia 
kilograms per second 
kilometer R 
kilovolt RA 
kilowatt rpm 
kilowatt-hour rps 
liter; lumen séc 
latitude stn 
pound 
pound-foot x E 
pounds per square foot 
pounds per cubic foot tan 
pound-inch 
lumen-hour у 
linear foot VA 
logarithm (common) 
logarithm (natural) Ww 
longitude 
yd 
meter; minute (time, in astronom- yd? 
ical circles) yd? 


SCIENTIFIC SYMBOLS AND ABBREVIATIONS 


alpha particle 

beta particle 

positron 

gamma radiation 

a small change; heat 

wavelength; radioactive-decay con- 
stant 

milliampere 

microcurie 

microfarad 

microinch 

micron 

micromicron 

micromicrofarad 

frequency; neutrino 

3.14159; osmotic pressure 


1 
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the sum of 


[B 
nuclear cross section (barns); area + 
electrical resistance (ohms) 

angular speed; angular velocity 


minute (angular measure) 


second (angular measure) 
male 

female 

is greater than 

is less than 

is proportional to 

infinity 

square root of 


degrees; temperature; angle measure- ° 
ment (example, 30°) 


square meter 

cubic meter 

milliampere 

one million electron volts 
milligram 
millihenry 
mile 
square mile 
minute 
meter-kilogram 
milliliter 
millimeter 
square millimeter 
cubic millimeter 
millimicron 

miles per hour 


miles per hour per second 
millivolt 

Avogad stant 
factorial 


outside dian 
ounce 


rating on acid-alkaline scale 
parts per million 

pounds per square inch 

pounds per square inch absolute 


temperature umur; resistance 
right ascensi 
revolutions 


revolutions 


minute 
second 


secant; seco 
sine 

specific gravi: 
square 


tangent 


volt 
volt-ampere 


watt; work 


yard 
square yard 
cubic yard 


molar concentration 

positive electric charge; mixed with; 
plus 

negative electric charge; single cova- 
lent bond; minus 


equals; double covalent bond; pro- 
duces 


does not equal 
triple covalent bond 
produces; forms; chemical reaction 


reversible chemical reaction 


gas produced by a chemical reaction 


precipitate produced by a chemical 
reaction 

radioactive substance (follows sym- 
bol of element; example, CI* ) 


| 


THE 
ILLUSTRATES TST 
DICTIONARY 


Potential Difference to Reflux 


KEY TO PRONUNCIATION 


The diacritical marks are: 


o banana, abut e bet th thin 
ə preceding l, m, n & beat th then 

as in battle i tip ü rule, fool 
à electric 1 bite ù pull wood 
er further j job, gem ue German 
a mat y sing hübsch 
à day 6 bone ue French rue 
4 cot, father ò saw, all yü union 
aü now, out ói coin zh vision 


! mark preceding the syllable with strongest stress. 
, mark preceding a syllable with secondary stress. 


The system of indicating pronunciation in these volumes is used by permission 


from Webster's Third New International Dictionary, copyright 1961 
by С. & C. Merriam Co., Publishers of the Merriam-Webster Dictionaries. 


potential difference 


potential difference \pa-'ten-chol 'dif-orn(t)sV 
puysics, A difference in the electrical condition of two points, 
causing electrons to flow from one point to the other when 
the points are connected by a good conductor of electricity. 
This difference is commonly measured in volts, 


A new flashlight cell has a POTENTIAL DIFFERENCE of 1.5 volts 
between its outer metal case and the central knob on its top. 


potential energy \pa-'ten-chol 'еп-әг-јё\ 
CHEMISTRY and rHysıcs. Stored mechanical or chemical energy 
that is able to do work because it is in a certain position or 
chemical condition. It is measured in such units as ergs, joules 
or foot-pounds. 


Winding a watch places the spring under stress, giving it po- 
TENTIAL ENERGY that, when released, will run the watch. 


potentiometer \po-,ten-ché-'iim-at-ar\ n. 
ENGINEERING and PHysıcs, A device used to measure an electro- 
motive force or potential difference by comparing it with a 
known electromotive force or potential difference; also, a device 
used in electrical circuits to divide a given voltage into two 
parts; also called voltage divider, 


A slide-wire vorentiomeren is used in laboratories for precise 
measurement of voltages. 


pothole \'piit-,hdl\ n. 
EARTH SCIENCE. A hole, usually deeper than it is wide, formed 
in rock by the grinding action of stones spun around by an 
eddy current, 


The size of a POTHOLE depends on the hardness of the rock and 
the duration of grinding action, 


power Vpaü(-o)rV n. 
1. pnysics, The rate at which energy is used or at which work 
is done. This rate may be expressed in such units as foot- 
pounds per second, watts or horsepower and can be calculated 
by dividing the amount of work done by the time required to 
do the work. 2. MaTHEManics, The product resulting from x 
multiplied by itself m times if m is a positive integer. It is 
eam x". The ™ is called the exponent and x is called the 


Since the first steam engines took over tasks formerly done 
horses, the vowen of engines has been expressed as the e 
of a certain number of horses. 


prairie Vpre(a)r-&V n. 
EARTH SCIENCE. An extensive tract of grassland on a plain. A 
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MAINSPRING BARREL 
OF 


WATCH 


POTENTIAL ENERGY 


PREDATOR 


preservative 


prairie lacks forests and is called a in South Amer- 
ica, a veld silts ats plies o a 

A climate with low average rainfall and hot summer seasons 
contributes to the typical vegetation of а vnam. 


precession \pré-'sesh-on\ n. 
1, puysics. The circular motion of the upper end of the spin 
axis of a spinning top or other spinning, rigid body, resulting 
from torque applied to the body so as to change the direction 
of the axis of rotation. 2. astnonomy. The slow change in the 
direction of the axis of rotation of the earth that results in а 
very slow westward motion of the equinoxes, 


The rate of yRECESSION of a spinning top or gyroscope increases 
as its spin axis is tipped farther away from a vertical line, 


precipitate \pri-'sip-ot-at\ n. 
cuemustny, Solid pe that form from a solution and that 
usually settle to the bottom of the solution. 
The symbol | after a chemical formula in a chemical equation 
means that the substance is а PRECIPITATE, 


precipitation \pri-,sip-0-'ti-shon\ n. 
1. EARTH SCIENCE, Moisture that condenses out of the atmos- 
phere and is deposited on the earth in such liquid or solid form 
as rain, hail, sleet, snow, dew and frost; generally, rainfall. 
2, сиємївтвү, The process or chemical reaction that results in 


the formation of a precipitate. 
In measuring PRECIPITATION, solid forms, such as hail and snow, 
are melted and recorded as inches of water. 


predator \'pred-at-or\ n. 
zoo.ocy. Any animal that captures and eats other animals. 


The fox is a PREDATOR of rabbits. 


premolar \()pré-'mo-lar\ n. 
ANATOMY. Any one of the teeth situated just in front of the 
molars; also, a molar tooth that is normally shed and replaced 
during early childhood. 
Because a ткемогли has two points on its grinding surface, 
it is a bicuspid. 

preservative \ -'zar-vat-iv\ n. 
eservative NPr mical substance added t food or other or- 
ganic matter to prevent or delay spoiling or decay. 
Sodium benzoate is often used as а PRESERVATIVE for catsup. 
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pressurize 


pressurize \'presh-ə-,riz\ о. 
AERONAUTICS and ASTRONAUTICS. To produce and maintain a 
higher air pressure in an aircraft or space vehicle than the 
pressure of the surrounding environment. 


It is necessary to pressurize the suits of pilots and astronauts 
whose vehicles have less than atmospheric pressure. 


prevailing winds \pri-'vā(ə)l-iņ ‘windz\ 
EARTH SCIENCE. Winds at a given location that blow from a 
particular direction with greater frequency than from other 
directions. 
The trade winds near latitude 30 degrees north are PREVAILING 
WINDS blowing from the northeast. 


primary colors \'pri-,mer-é 'kol-orzV 
PHYSICS. The three colors of light, orange-red, green and blue- 
violet, that can produce all other colors when mixed in various 
combinations. 


When all three PRIMARY corons are combined properly, the 
result can be near white, 


primary root \'pri-,mer-é 'rütV 
BOTANY. The first root that develops from the seed of a plant. 


A PRIMARY воот that persists through the life of a plant is 
called a taproot. 


primate \'pri-,mat\ n. 
ZOOLOGY. Any mammal belonging to the order of Primates, in- 


cluding man, the ape, the monkey, the marmoset and the 
lemur. 


One distinguishing characteristic of a PRIMATE is fingernails, 


prime factors Vprim 'fak-torzV 
MATHEMATICS. The prime numbers or prime expressions whose 
product is a given number or expression, 


The PRIME FACTORS of 36 are 2, 2, 3 and 3, 


prime meridian Vprim mo-"rid-&-onV 
EARTH SCIENCE. An imaginary north-south line on the earth’s 
surface. The line stands for 0 degrees longitude and divides 
the regions of east and west longitude. It passes through the 
Royal Observatory at Greenwich, near London, England. 


Greenwich Mean Time is based on the position of the sun with 
relation to the PRIME MERIDIAN. 


Polar easterlies ———Д@ 
Prevailing westerlies 
Horse latitudes —— s 
Northeast trades 
Doldrums 

Southeast trades 
Horse latitudes 
Prevailing westerlies 3 


Polar easterlies 


PREVAILING WINDS 


DANDELION 


PRIMARY ROOT 


PRIME MERIDIAN 


prism 


prime mover Vprim 'mii-var\ 
puysics, Any engine that converts the energy of natural sub- 
stances into mechanical energy. 


A diesel engine is an efficient PRIME MOVER that converts the 
chemical energy of oil and air into usable power. 


prime number Vprim 'nom-borV 
MATHEMATICS. A positive whole number that is divisible only 
EYECUP by itself and by 1, as 9, 3, 5, 7, 11, 13 or 17. 


Every PRIME NuMBER except 2 is an odd. number. 


primordial \pri-'mord-é-al\ adj. 
1. prorocv. Descriptive of the earliest recognizable form of a 
tissue or organ of an animal or plant. 2. Referring to substances 
existing at the beginning, such as the gases and dust that, 
according to some theories, were the origin of the stars, planets 
and satellites. 


The PRIMORDIAL germ cells of a male develop into sperm. 


tas 2! 
:Єд PRIMORDIAL a 
Й (VERTEBRATE EYE). S 


me 


principal root Vprin(t)-s(o-)pol 'rüt\ 
MATHEMATICS. With roots of positive numbers, the positive real 
root; with odd roots of negative numbers, the negative real 
root. 
The PRINCIPAL воот of a number depends on the index of the 
root. 


principle Vprin(t-s(9-)polN n. 
A general truth based on observed facts; also, an assumption 
derived from observed facts. 


“The closer a planet is to the sun, the shorter its period of revo- 
lution,” is a PRINCIPLE of planetary motion. 


prism Vpriz-omN n. 
1. puysics. A solid having several flat surfaces, two of which 
are parallel polygons (bases ), and having other surfaces in 
the shape of parallelograms. A prism is frequently made of 
glass with triangular bases. If transparent, it can form a spec- 
trum by the refraction of white-light. Some are used as high- 
efficiency mirrors in such optical devices as binoculars, where 
special techniques prevent the formation of a spectrum. 2. 
MATHEMATICS. A polyhedron having two faces, called bases, 
that are parallel, congruent polygons, and whose other faces 


are parallelograms. 


A triangular PRISM of clear rock salt can form a spectrum from 
infrared radiation as well as a visible spectrum from light. 


probability 


probability \,priib-a-'bil-at-é\ n. 
MATHEMATICS. The likelihood, or chance, that a given event 
or group of events will occur in a specified way; the ratio 
m/(m--n), where m equals all the ways a given event may 
succeed or occur and n equals all the ways it may fail or not 
occur. 


The PROBABILITY that a 4 will turn up on one throw of a die 
is one in six, or V4. 


PROBOSCIS 


proboscis \pro-'biis-as\ n. 
zooLocv. Any tubular elongation, usually of the head; in mam- 
mals, a long, flexible snout, as of a tapir or an elephant; in 
insects, the extended mouth parts; in planaria, the feeding tube. 


The vnonoscis of an elephant is used in feeling, smelling, push- 
ing, drinking, eating, bathing and breathing. 


process \'priis-,es\ n. 
1. anatomy, An elongated or projecting part of a larger struc- 
ture, as any one of the projecting parts found on the bones of (SINGLE VERTEBRA) 
the vertebral column. 2. A method of doing or making some- 
thing, or the manner in which something occurs, usually made 
up of several to many steps. 


In man and most other vertebrate animals, each rib fits into 
an articular process of a vertebra, permitting a slight move- 
ment of the rib during breathing. PROCESS 


product \'priid-(,)akt\ n. 
1. MATHEMATICS. The answer that results when one number or 
quantity is multiplied by another. 2. снЕм1$твү. The substance 
or substances resulting from a chemical reaction. A product has 
different properties from those of the material or materials 
that reacted, 


The PRODucr of .5 and 7 equals 3.5. 


profile Vpro- fîl\ n. A { 
EARTH SCIENCE. A vertical section showing the layers making 
up a soil; also, a drawing showing an earth surface outline and 
the vertical arrangement of materials beneath the surface. В 


The different layers in a soil enorm have different physical 
and chemical characteristics, G 


Parent 
profundal \pro-'fand-*l\ adj. Material 
BIOLOGY and EARTH SCIENCE, Pertaining to the deep-water area 


of freshwater bodies, usually limited to areas free of rooted 
plants. 


PROFILE 


Common freshwater clams are residents of the PROFUNDAL zone. 
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proper fraction 


program Vpró-,gram 
ENGINEERING and MATHEMATICS (N.). The sequence of steps, 
or operations, performed by a computing machine in solving 
a problem. (V.). To work out a sequence of arithmetic opera- 
tions to solve a given type of mathematical problem with a 
computer. 


If the PROGRAM for a computer is stored in a memory unit, the 
calculation may be performed many times. 


projection \pra-'jek-shon\ n. 
MATHEMATICS. A mapping of points and lines of one plane in 
some specified manner upon another plane; more generally, 
any mapping of the points of a given surface upon another 
surface, as in cartography and photography; also, the image 
produced by such a mapping. 

PROJECTION 


(AITOFF) The plane on which a figure is projected is called the plane of 


PROJECTION. 


propagation \ priip-a-'ga-shen\ n. 

1. porany. Multiplication of plants by natural or artificial sepa- 
ration of their vegetative parts from the parent plant. The 
vegetative parts root and develop as individual plants. 2. 
prysics. A process by which such energy as sound or light is 
transmitted through a substance. 3, CHEMISTRY. The process 
by which a flame travels through a burnable mixture of gases. 


PROPANE 
(MOLECULAR STRUCTURE) 


Root cutting is an artificial method of PROPAGATION used in the 
cultivation of sweet potatoes. 


propane \'pro-,pan\ n. 
CHEMISTRY. A colorless, flammabl 
sure; a hydrocarbon СзНаь, that m 


e gas at atmospheric pres- 
ay be liquefied under pres- 


sure. 


pROPANE is compressed in steel cylinders and sold as a fuel for 


с) 

9 

Q = Hydrogen Atom 

© home and industrial use. 


= Carbon Atom 


proper fraction Vprüp-or "frak-shenV 
MATHEMATICS. In arithmetic, a fraction whose value is greater 


than zero and less than one or whose numerator is less than 
the denominator; in algebra, a fraction whose numerator is of 
lower degree than the denominator for the variable or variables 


appearing in them. 


The expression ТА g i$ а PROPER FRACTION. 
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proper motion 


proper motion \ 'mõ-shən\ 
ASTRONOMY. angular rate of change in the position of a 
star on the celestial sphere, 


morn orion із measured by the relative positions of a star 
on photographs taken over a period of years. 


and the dissolving of the nuclear membrane. 
eee Piotet Symm 


proportion Vp(r)o-'pór-shonV n. 
MATEMATICS. A statement of the equality of two ratios. 


3:6 = 5:10 із a PROPORTION, 
protective coloration \pro-'tek-tiv ,kal-o-'ri-shon\ 


шоосу, Color patterns or markings that blend with color pat- 
terns in an 's usual environment and that seem to 


The тпотпомах of the locust includes a saddlelike covering 
usually extending back to the base of the wings. . 


zd 


2 а TRUE 
PROPER MOTION MOTION 


PROTECTIVE COLORATION 


PROTHORAX 
DM М, 
[=] ^ 


P-shell 
(e nary hydrogen atom, and at least one is contained in the nucleus 
e й of every atom. 
White blood cell уук If a vnorow із injected into an atomic nucleus, the atomic num- 
ipee ber of the nucleus is increased by one. 
- protoplasm Vprót-o- plaz-om n. 
Y ANY молост, The matter of which living things are com- 
xt ИР. Although many of the properties and chemical substances of 
bat ver vnoroLASM are known, it has not yet been synthesized in a 
PROTOPLASM n 
рр o mu \ п, 
BOTANY, lisa dba pt od 


A cell wall encloses, but is not part of, the PROTOPLAST, 


prototype \'prot-o-,tip\ n. 
ووا‎ Vea rial сейн] form of а living 


2. encixexninc, The original model of a design or on 
which later models are based. 
The mororsre of a whale was a land animal with four legs. 


protozoan \,prit-o-'25-0n\ n. 
тооцоо. Any animal belonging to the phylum Protozoa, which 


PROTOZOAN 
PARAMECIUM 


psittacosis 


electrons may occupy in an atom; the sixth principal energy 
level that electrons may occupy in the Bohr model for the 
atom. 

An electron in the »-suzu may lose energy and drop to an 
inner shell that is not full of electrons. 


psittacosis Vsit-o-'ko-sasV n. 
MEDICINE and zoorocy. An infectious disease of birds that can 
be transmitted to humans. In birds, the disease is marked by 
diarrhea and dehydration, but in man it takes a form similar to 
pneumonia. 
Imported birds are quarantined to insure against their having 
PSITTACOSIS. 


psychedelic \,si-ka-'del-ik\ adj. 
MEDICINE. Referring to a calm and pleasant mental state in 
which the senses are attuned to beauty and one feels capable 
of great creative effort; also, referring to drugs that are sup- 
posed to induce this state but which may also induce erratic 
or dangerous behavior and symptoms of severe mental illness. 


LSD, psilocybin and mescaline are psycuepE.ic drugs. 


PSYCHROMETER 


psychiatry \so-'ki-o-tré\ n. 
^. MEDICINE. The branch of medicine that deals with the diag- 
nosis and treatment of mental illnesses. 


Methods of psycutatry have made it possible to cure a number 
of serious mental disorders, 


psychrometer \si-'krim-at-ar\ n. 
ENGINEERING and puysics. A device used to measure the rela- 
tive humidity of the air. It is usually constructed of two ther- 
mometers, one of which has its bulb covered with a wet cloth, 
that are mounted on a frame and whirled in the air. 


A PSYCHROMETER is often used in factories manufacturing pa- 
per, where the control of relative humidity is important. 


Jupiter 
Deferent of Jupiter ý 


Ptolemaic system \,täl-ə-'mā-ik 'sis-tom\ 
ASTRONOMY. An explanation of the universe made in the second 
century A.D. by an Egyptian astronomer. Ptolemy, who believed 
> > PTOLEMA YY STEM 
that the earth was the center of the universe and that all the F Ps 
celestial bodies revolved around it on deferents and epicycles; 
see Copernican system. 


man Saturn 


The PTOLEMAIC SYSTEM was challenged in the sixteenth century 
by the theories of Copernicus. 


puberty \'руй-Бәгї-ё\ n. 


PHYSIOLOGY. А period occurring between childhood and ado- 
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PULMONARY 
ARTERY 


PULMONARY 
VEINS 


» 
€ 


dA) 7 PULMONARY 
CIRCULATION 


PULSATING STARS 


pumice 


lescence in both sexes, during which physical and endocrine 
changes take place, equipping the body for adulthood and 
parenthood. 


In temperate zones, PUBERTY occurs in boys at the approximate 
age of 14 to 16 years, while in girls it occurs at an age of about 
12 to 14 years. 


pulmonary circulation Vpül-mo-,ner-8 sor-kyo-'là-shonV 
рнүзтогосү. The flow of blood from the right ventricle of the 
heart through the pulmonary arteries into the capillaries of the 
lungs and back to the left side of the heart through the pul- 
monary veins. 
In PULMONARY CIRCULATION, blood going to the lungs is dark 
red, while aerated blood leaving the lungs is bright red. 


pulsating stars \'pal-,sat-in 'starz\ 
ASTRONOMY. A class of variable stars having regular periods of 
expansion and contraction that result in variations in brightness. 


PULSATING STARS have periods of variable brightness that range 
from a few hours to more than 300 days. 


pulse VpolsV n. 
1. PHYSIOLOGY. A rhythmic expansion of the arteries resulting 
from the contractions of the heart muscles and from the accom- 
panying increase in blood pressure. 2. PHYSICS. An electrical 
signal, a sound signal or a force of short duration; also, a single 
wave. 
Anger, fear and violent exercise will all increase the rate of the 


PULSE. 


pulse-jet engine \'pals-,jet ‘en-jon\ 
AERONAUTICS. A type of jet engine that takes in air through 
inlet valves, which then close. The air is mixed with fuel and 
ignited. Expansion of gases provides thrust and creates a low 
pressure near the inlet valves, reopening them. The cycle is 
repeated several hundred times each minute. 
The PULSE-JET ENGINE, like other types of jet engines, is limited 
to regions of the atmosphere that contain enough oxygen to 


oxidize the fuel. 


pumice \'po-mas\ n. 
EARTH SCIENCE. A porous, volcanic glass containing many small 


bubbles or cells. It is usually white or gray and occurs in layers 
or heaps around a volcanic vent. Pumice is used as an abrasive 
and as an aggregate in lightweight concrete blocks. 

Because it contains many bubbles, pumice has a specific gravity 
less than one and will therefore float in water. 
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pupa 


upa Vpyü-poV n. 

į га Phe form of an insect undergoing the third of the 
four stages of metamorphosis. The form in this stage shows 
little activity as it changes from larva to adult. It is most often 
enclosed within a cocoon or other protective enclosure. 


Although the mosquito pura is very active, it does not feed 
until it emerges from the water as an adult. 


pupil Vpyü-polV n. 
ANATOMY and 20010сү. In vertebrates and a few other ani- 
mals, the circular or oval-shaped opening surrounded by the 
iris of the eye. It permits light to pass into the back part of the 
eyeball. 


In man, the size of the purit decreases as the intensity of light 
striking the eye increases. 


purebred \'pyi(a)r-'bred\ adj. 
zooLocy. Referring to animals with a large number of common 
hereditary characteristics that have been developed by in- 
breeding. 
PUREBRED animals may possess and pass on undesirable char- 
acteristics that increase in frequency through successive gener- 
ations. 


putrefaction \,pyii-tro-'fak-shon\ n. 
BIOLOGY. The gradual decay of living or dead organic matter, 
caused by the action of microorganisms. 


PUTREFACTION of dead plants and animals provides nitrates and 
other materials necessary to plant growth. 


pylorus \pi-'lor-as\ n. 
ANATOMY. The opening between the stomach and the small 
intestine, Its contracting and relaxing muscle bands determine 
the rate at which the stomach empties food into the small 
intestine. 


Contractions of muscles surrounding the evromus keep the 
stomach from forcing its entire contents into the small intestine 
at one time. 


pyramid Vpir-o-,midY n. 
MATHEMATICS. A polyhedron with four or more faces. One 
face, called the base, is a polygon that may have any number 
of sides, while the other faces, called lateral faces, are all tri- 


angles having one point, called the vertex of the pyramid, in 
common. 


The altitude of a pyramw is a perpendicular extending from 
the vertex of the pyramid to the plane of the base. 


BUTTERFLY 


PUPIL 


IRIS 


In bright light 


In dim light 


PYLORUS 
(PYLORIC VALVE) 


DUODENUM 


PYROMETER 


Pythagorean theorem 


pyrenoid \pi-'ré-ndid\ n. 
BOTANY. A colorless protein body in the pigment cells of cer- 
tain algae and liverworts. It is a repository for starch. 


The young cells of the algae Hydrodictyon each contain one 
pPYRENOID, while older cells contain many. 


pyrite Vpi(9)r-itV n. 
CHEMISTRY and EARTH SCIENCE. Any of a group of metallic iron 
sulfide minerals commonly found with quartz, coal, copper and 
other minerals. Its composition is usually FeS. 


Iron үлтү, also known as fools gold, resembles small specks 
of gold embedded in rock. 


pyrolysis \pi-'ril-a-sas\ n. 
cuemistry. The chemical change іп a substance when heat is 
applied. The product of pyrolysis results from a rearrangement 
of atoms. 


The pyroxysis of red mercuric oxide produces oxygen and 
mercury. 


pyrometer \pr-'rim-at-or\ n. 

ENGINEERING. An instrument used to measure very high tem- 
peratures. It may operate on electrical principles, such as the 
thermoelectric effect, or it may utilize the principle that the 
electrical resistance of platinum increases with increasing tem- 
peratures. 

For measuring extremely-high temperatures, an optical eYROM- 
Erer, utilizing the principle that the upper limit of the spectrum 
of an incadescent substance shifts to blue as the temperature 
increases, is used. 


pyrophoric fuel \ pi-ro- for-ik 'fyii(-a)I\ 
ASTRONAUTICS. A rocket propellant that is self-igniting when it 
comes in contact with oxygen. 
Hydrazine is а PYROPHORIC FUEL that contains hydrogen and 
nitrogen. 


Pythagorean theorem \pə-,thag-ə-'rē-ən 'thē-ə-rəm\ 

MATHEMATICS. A proposition stating that the square on the 
hypotenuse of a right triangle is equal to the sum of the squares 
on the other two sides. 


Surveyors often measure distances indirectly by methods based 


on the PYTHAGOREAN THEOREM. 
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Q-shell Vkyü-,shelN n. QUADRANT 
CHEMISTRY and puysics. One of the seven principal energy 
levels, identified by the letters K, L, M, N, O, P and Q, that 
electrons may occupy in an atom; the seventh, or highest, 
principal energy level that electrons may occupy in the Bohr 
model for the atom. 


In the periodic table of elements, the Q-SHELL appears first in 
the element francium. 


quadrant \'kwiid-rant\ n. 
1. MATHEMATICS. One of the four parts created in a plane by 
two perpendicular lines; also, a quarter of a circle, or an arc 
equal to 7/2 radians, or 90 degrees. 2. ENGINEERING. An instru- 
ment used in measuring altitudes. 


The first quApnaNT of a rectangular coordinate plane is the 
portion lying above the x-axis to the right of the y-axis. 


quadrat \'kwäd-rət\ n. 
BIOLOGY and EARTH SCIENCE. A rectangular sample plot of 
land used in taking a census of plants and animals that live 
in an area; also, a plot of land used for experimental pur- 


poses. 
The study of a quApnar on the north slope of a hill usually 


yields different results from a similar investigation of the south 
slope. 


^/ QUADRAT 


quadrate \'kwäd-,rāt\ n. 
zooLocy. In most vertebrates below mammals, a bone or carti- 
laginous structure that joins the lower jaw to the skull. It is 
especially prominent in reptiles. j 
d QUADRATE has evolved into a bone of the inner ear in mam- 
mals. 


quadratic equation \kwa-'drat-ik i-'kwa-zhonV 
MATHEMATICS, An equation, or statement of equality between 
two expressions, in which 2 is the highest power of the unknown. 


An equation such as 4x? + 2x + 6 = 0 is а QUADRATIC EQUA- 
TION. 
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quantitative 


quadratic formula \kwä-'drat-ik 'for-myo-leV 


—b + yb? — 4 
MATHEMATICS. The formula x = Ne = in which 


values for a, b and c in an equation of the form ах? + bx +e 


СОН ® =O are substituted in order to find its roots. 


The QUADRATIC FORMULA can be used to find that the roots of 
ox? + 3x —5 = 0 are x = 1 and x = —5/2: 


QUADRATURE 
quadrature \'kwäd-rə-,chù(ə)r\ n. 


1. ASTRONOMY. The relationship of two heavenly bodies when 
lines drawn from each of them to the center of the earth form 
a 90-degree angle. 2. MATHEMATICS. The process of squaring, 
or determining the dimensions of a square whose area is equal 
to that of another given surface. 


TO THE SUN 


When the moon is in QUADRATURE with the sun, half of the 
moon appears illuminated, and it is at meridian either at sun- 
rise or sunset. 


quadrilateral \ kwid-ro-'lat-o-ral\ n. 
MATHEMATICS. A polygon having four sides. 
The lines joining the midpoints of any QUADRILATERAL form а 


parallelogram. 


quadruped \"kwiid-ra-,ped\ n. 


zooocy. A four-footed animal. 


QUADRILATERAL The cow is a QUADRUPED. 


qualitative \'kwäl-ə-,tāt-iv\ adj. 
Referring to the nature or kind of characteristics, properties 
or components, as in the chemical analysis of a substance 
wherein the kinds of materials are determined but not the 


amounts; see quantitative. 

The quatitative analysis of a sample of gasoline would indi- 
cate what compounds are present but not the amount of 
each. 


quantitative \'kwan(t)--tat-iv\ adj. 
Referring to the properties of substances or processes, such as 
their mass, length, speed or duration, as in the analysis of a 
substance to determine how much of each component exists; 


see qualitative. 
One QUANTITATIVE difference between two objects can be de- 
termined by comparing their weights. 


quantum 


quantum \'kwant-om\ n. 9 
puysics. One of the separate, or discrete, quantities of energy 
set forth in the quantum theory of radiation. 


The formula for the energy of a QUANTUM is E = hv, in which s 
v equals frequency of energy involved and h equals Planck's 
constant (6.55 X 10°*7). 


quantum mechanics Vkwánt-om mi-'kan-iksV 
MATHEMATICS and rrysics. Mathematical or mechanical appli- 
cations of the quantum theory of atomic structure and inter- 
action of matter and radiation. j 


QUANTUM MECHANICS involves only observable and measurable 
phenomena, such as the frequency and intensity of spectral 
lines. 


quantum theory of radiation Vkwünt-om 'the-o-ré 

әу ,rad-é-'a-shon\ 
puysics, An explanation for effects associated with light and 
other electromagnetic radiation that depicts the energy as 
occurring in bundles, or packets, of energy (photons). The 
theory has been used to explain emission and absorption of 
electromagnetic radiation. 


The QUANTUM THEORY OF RADIATION includes the wave theory 
of radiation in explaining phenomena such as refraction and 
interference. 


quarantine \'kwor-on-,tén\ n. 
MEDICINE. The period of isolation of persons or animals coming 
from an area where a contagious disease is known to be, or 
suspected of being, present; also, prohibiting entrance into an 
area of plants and animals from a region known to be infested 
with disease, 


The QUARANTINE placed on cattle from some countries prevents 
the spread of such infections as hoof-and-mouth disease. 


quarry Vkwór-&V n. 
EARTH SCIENCE. An open excavation or pit from which stone, 
such as granite, slate or limestone, is extracted, often for use in 
the construction of buildings or roads. 


An excavation made in searching for fossils is a QUARRY e- 
cial interest to the paleontologist. pd 


quart Vkwó(o)rtN n. 


MATHEMATICS, A standard unit of volume for both dry and 


quinine 


liquid quantities; in dry measure, equal to about 67.2 cubic 
inches, or 1.101 liters; in liquid measure, equal to 57.75 cubic 
inches, or .946 liters; also, % peck or 2 pints; abbr. qt. 


Milk is sold by the QUART. 


quarter Vkwo(r)t-orV n. 
1. astronomy. One of the four divisions of a revolution of 
the moon. 2. MATHEMATICS. One of the four equal parts into 
which something has been divided, or 1⁄4 quantity. 


THIRD QUARTER MOON 


During first Quarten, the moon appears as а crescent, 


Ў 

€ quartz Vkwó(o)rtsV n. 

CHEMISTRY and EARTH SCIENCE. SiO». A common mineral, com- 
posed of silicon and oxygen, that is clear, milky or colored. 

It is found in crystalline and apparently uncrystallized varieties 

and has a hardness of 7 on Mohs’ scale. 


quartz is one of the most important rock-forming minerals. 


quasar \'kwā-zər\ n. 
astronomy. A quasi-stellar radio source; any extremely power- 
ful radio source from 450 to 4,000 million light-years away that 
cannot be identified as a star or a galaxy. 


The furthest-known object from the earth is the QUASAR 3C 147. 


queen \'kwén\ n. 
zooLocy. The reproductive female, or mother, of an insect 
society, as of bees, ants or termites. The queen is usually of 


large size and distinctive structure. 


A larval female honeybee will be a worker if fed honey or a 
Queen if fed royal jelly throughout development. 


quicksilver \'kwik-,sil-var\ n. 
Another name for the element mercury. See mercury. 


quinary Vkwi-no-reV adj. 
MATHEMATICS. Referring to fives, arranged by fives or using 
five as a base, as the quinary system of numeration. 


In the quiNARY system of numeration, the number 37 (base 10) 
is represented by 122 (one 95, two fives and two units). 


WORKER 


quinine \'kwi-,nin\ n. 
CHEMISTRY and MEDICINE. Cı Ho, NO». A chemical substance 
having alkaline properties. It is a diacid base and is obtained 
from the bark of cinchona trees that grow in South America. 


Salts of QUININE are especially useful in treating malaria. 


R 


radar \'ri-,diir\ n. 
ENGINEERING and PHYSICS, An electronic system that sends radio 
waves and receives and analyzes their reflected waves, or 
echoes, It is used to determine the direction of, and distance to, 11 Сат 
an object, and uses radio wavelengths in the range of 0.75 cm. ; 
to LO meter. 


navan is used by some weather stations to locate cloud masses, 
hurricanes and other storm activity. 


radial symmetry \'rid-é-al 'sim-a-tré\ 
тоолос. The form of an animal body in the shape of a cylinder 
or bowl, with a central axis around which similar body parts 
are arranged, as in jellyfish and corals; see biradial symmetry. 


An animal with RADIAL ѕуммЕтАҮ can be cut into two identical 
halves by a lengthwise cut in any direction through the central 
axis, 


A - JELLYFISH 
radial velocity Vrüd-é-ol vo-'lis-ot-& 7.790 p 
asmonomy, The velocity, in an observer's line of sight, at 9 


Nasa 
LP ai 
which a star is approaching or going away. T d 


A spectroscope can be used to determine the RADIAL VELOCITY 
of some stars, RADIAL SYMMETRY 


radian \'rid-¢-on\ n. 
MATHEMATICS, A unit of angular and circular measure based on 
the radius of a circle. It is an angle that, as a central angle of a 
circle, intercepts an arc equal to the radius of that circle, and, 
therefore, is ап аге of a circle equal in length to the radius of 


Because the circumference of a circle is 2 times its radius, 

2 » radius equal 360 degrees, x radians equal 180 degrees 

dnd one naoian equals 180 degrees divided by x, or about 57.3 
grees. 


RADIAN 


radiant energy \'rid-é-ont "еп-әг-јё\ 
ruvsics. Energy that travels as electromagnetic waves, includ- 
ing such energy as light, X rays and radio waves. 


АП naviant ENEncY travels at the speed of light. 


RADIATION FOG 


COMMON RADICALS 
CMO, (Acetate) CIO, (Chlorate) 


HH, (Ammonium) OM [Mydroside) 
AsO, (Arsenote) NO, (Nitrate) 
HCO, (Bicarbonate) РО, (Phosphate) 


HSO, (Bisuifore) $0, (фу!) 
СО, (Corbonote) $0. (bofte) 
RADICAL 


radical sign 


radiation \,rid-€-'A-shon\ n. 
puysics. The process by which energy, such as subatomic par- 
ticles, is emitted and transmitted. The process is characterized 
by transmission in straight lines from a source through a given 
medium, such as air, water or a vacuum; also, the transmitted 


energy itself, 
плылтом of X rays occurs when high-speed electrons strike 
a metal target. 


radiation chemistry \,rid-é-'a-shon 'kem-a-stréV 
снеміѕтну, The study of chemical reactions caused or started 
by the absorption of alpha rays, gamma rays or other forms of 
radiant energy. 
Scientists working in napIATION сикмитнү hope to understand 
better the effects of ionizing radiation on living organisms. 


radiation fog \,rid-é-'i-shon 'fòg\ 
ranm SCIENCE. Condensation of water vapor in the alr near 


the earth's surface because of cooling by radiation; ground fog, 
naptaTion voc forms on calm, clear nights and disappears when 
heat from the sun raises air temperature above the dew point. 


radiation pressure \,rid-@-"I-shan ‘presh-or\ 
AsrnoNoMY and Pirysics, The force exerted by radiation on а 
unit area of an object, 
Ali RADIATION PRESSURE (я , it has а marked effect 
on particles as gas ions and 


radical \'rad-i-kal\ n. 
1. cuam. A of atoms that acts as а single unit in 
chemical reactions in the formation of certain compounds. 
A radical may act as an ion, as do NH,* and 80,77, or aca 
unit that can form a covalent bond, as do the methyl group, 
CH,, and the benzyl group, CaH,CH,. 2. matimatica An 
indicated root of а number, also, the expression used to indi- 
cate the principal root of a number or quantity. 
The ommonium RADICAL, NH, * вті the nitrate radical, МО, С, 
are combined in equal numbers to form the crystalline com 
pound ammonium nitrate. 
radical sign Vrad-i-ko] 'sin\ 
warwEMATIG. The symbol ү used to indicate that a root, 
shown by the index number, as ¥, of a number or quantity в 
to be extracted. 
The парс. sox used without an index number indicates that 
the principal square root of the radicand is to be found. 
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radicand 


radicand \,rad-a-'kand\ n. aoe 
MATHEMATICS. The number or expression under a radical sign; 
the expression whose indicated principal root is to be found. 


In the radical 4/32, the index is 4 and ће RADICAND is 32. 


radicle \'rad-i-kal\ n. 
1. BOTANY. The early root, or root and hypocotyl, of a seed plant 
embryo. 2. ANATOMY. The smallest branch of a nerve or the 
beginning of a vein; also, а rootlike part, as the attachment of 
an embryo. 


The edible globe of a radish forms from the hypocotyl, while 
the root tail forms from the RADICLE. 


radioactive decay \,rid-é-d'ak-tive di-'kaV 
CHEMISTRY and рнүѕ1сѕ. The breaking up of an atomic nucleus 
or a free subatomic particle into two fragments as a result of 
forces within the nucleus or particle. One of the fragments is 
usually an energetic alpha or beta particle that may be accom- 
panied by gamma radiation; see decay series and half-life. 


A uranium 238 nucleus undergoes RADIOACTIVE DECAY into a 
thorium nucleus and an energetic alpha particle. 


radioactive isotope \,rad-é-d-'ak-tiv 'ī-sə-,tōp\ 
CHEMISTRY and PHysics. Any one of many isotopes having 
nuclei that break up into two fragments as a result of forces 
within the nucleus. Each disintegration is accompanied by the 
emission of alpha or beta, and usually gamma, radiation. 
Radioactive isotopes are also called radioisotopes; see isotope 
and half-life. 


Every element has at least one RADIOACTIVE 150ТОРЕ, although 
the radioactive isotope may be man-made rather than natural. 


radioactive series \,rad-é-0-'ak-tiv 'si(a)r-(,)éz\ 
CHEMISTRY and rHysics. One of four series of elements in which 
each succeeding member is produced by the radioactive decay 
of the preceding element. Each series ends in a nonradioactive 
element, such as lead or bismuth. 


The RADIOACTIVE SERIES that starts with uranium 238 ends with 
lead 206 after 13 intermediate steps. 


radioactivity \,rād-ē-ō-,ak-'tiv-ət-ē\ 
CHEMISTRY and PHysics. The continuous emission of energetic 
subatomic particles (alpha or beta rays), or of gamma rays, 
from certain elements or isotopes of elements. It occurs as the 
result of radioactive decay; see radioactive decay and curie. 


The ravoactiviry of an element is not affected by chemically 
combining it with a second element to form a compound. 
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radioluminescence 


radio astronomy \'rad-é-,6 o-'strán-o-me&V 

ASTRONOMY. The study of celestial bodies by the radio waves 
they emit, as contrasted with optical astronomy in which light 
waves are studied. Radio astronomy may include the use of 
radar to study the moon, meteors and other relatively-nearby 
objects. 

The discovery of radio stars is only one phase of RADIO ASTRON- 
omy that has resulted in new evidence about the components of 
the universe. 


radioautograph \,rad-é-6-'ot-o-,graf\ n. 
puysics, The darkened area on a photographic film, produced 
by radiation from a radioactive material. 


The RADIOAUTOGRAPH is used in research to locate radioactive 
atoms in plants. 


radio beam \'rad-é-,6 'bém\ 
AERONAUTICS. A navigational beam. See beam. 


radiocarbon dating \ rad-é-6-‘kiir-bon ‘dat-in\ 
cuemistry and рнүзїсз. Carbon dating. See carbon dating. 


radio frequency \'rad-é-6 'fré-kwon-seV 
ENGINEERING and PHYSICS. Electromagnetic waves having a fre- 
quency between 10 kilocycles per second and 30 million kilo- 
cycles per second; abbr. BF. 
A RADIO FREQUENCY below 30 kilocycles per second is called a 
very low frequency (vlf). 


radioisotope \rād-ē-5-'ī-sə-,tõōp\ n. 
CHEMISTRY, MEDICINE and puysics. A radioactive isotope. See 


radioactive isotope. 


radiology \rād-ē-'äl-ə-jē\ n. 
wepicine. The branch of medicine concerned with the use of 
radiant energy, especially X rays, in the diagnosis and treat- 
ment of disease or injury. 
The use of the fluoroscope for examining the condition and 
functioning of internal organs is one technique of RADIOLOGY. 


radioluminescence \ rad-6-6-lii-mo-'nes-°n(t)s\ n. 
puysics. The glow, or emission of light, from certain substances 
that have absorbed energy from a radioactive source. 
The visible light of a radium-coated watch dial is an example 
of RADIOLUMINESCENCF. 


radiometer 


radiometer \,rad-é-'am-ot-ar\ n. 
puysics. A device used to detect and measure radiant heat (іп- 
frared energy). It generally has the form of a paddle wheel 
inside a glass bulb. The paddle wheel rotates when placed 
in the path of radiant energy. 


The paddle wheel of a RADIOMETER always moves so that the 
black surfaces of the paddles retreat from the source of energy 
and the silver surfaces advance. 


radiosonde \'rid-é-6-,sind\ n. : 
EARTH SCIENCE. An instrument that records such conditions in T aie 
the atmosphere as temperature, pressure and humidity, and i 
that relays these readings by special radio signals. 


ча, 
PARACHUTE f 3 
у 


A nADIOSONDE is carried into the upper troposphere by а bal- i RN 2 эы 
loon and is returned to earth by a parachute when the balloon pou! 
urte RADIOSONDE 


radio star \'rãd-ê-ö 'stär\ 
ASTRONOMY. Well-defined regions in space that are the source 
of radio waves that can be detected by a radio telescope; also, 
certain stars, such as our sun, that emit detectable radio waves. 


The Crab Nebula, a strong radio source, has been classified as 
а RADIO STAR. 


radio telescope \'rid-é-6 'tel-o-,skopV 
ASTRONOMY. An instrument that collects and focuses radio waves 
in much the same way that a reflecting telescope collects and 
focuses light waves. It consists of a radio receiver and, fre- 
quently, a movable bowl-shaped antenna. 


A RADIO TELESCOPE can be used day or night and in any kind 
of weather. 


radio tracking \'rãd-ë-ö 'trak-iņ\ 
ASTRONAUTICS. The tracing of the path of satellites or other ob- 
jects moving through the atmosphere or through space by radar 
or by radio signals emitted by the satellites or objects. 


Tf RADIO TRACKING is to be used to follow an object orbiting the 
earth, a series of radio receiving stations, located on a line en- 
circling the earth, must be employed. 


radio wave \'rad-é-6 'wāv\ 
ENGINEERING and PHYsics, A form of radiant energy used for 
wireless communication. Radio waves differ from light waves 
by their longer wavelength and lower frequency. They are 


RAIN FOREST 


RAIN SHADOW 


ramjet engine 


usually included within those frequencies between 10 kilo- 
cycles per second and 30 million kilocycles per second. 


If an alternating electric current flows through a wire, it will 
give off some of its energy as 4 RADIO WAVE. 


radium \'rad-é-om\ n. 
cHEMISTRY. A very rare, metallic element that is highly radio- 
active and very active chemically. It has a half-life of about 
1,622 years; see half-life. Symbol, Ra; atomic number, 88; atomic 
weight, 226.05. 


A glass tube containing a small amount of RADIUM sealed inside 
may explode as the result of gas pressure, since radium disin- 
tegrates into the gaseous elements radon and helium. 


radius \'rād-ē-əs\ n. 
1. MATHEMATICS. A line segment extending from the center of 
a circle or sphere to any point on the circle or sphere. 2. ANAT- 
omy. That one of two bones in the forearm located on the 


same side as the thumb. 
The area of a circle equals the square of its RADIUS times т (pi). 


radome \'ra-,dom\ n. 
ENGINEERING and PHYSICS. A dome-shaped dielectric shelter for 


a radar antenna. 
On many commercial aircraft, the RADOME forms the nose of the 


fuselage. 


rain forest Vràn 'for-astV 

BOTANY and EARTH SCIENCE. Any wooded area in which the 
annual rainfall is at least 100 inches. A rain forest is character- 
ized by a great variety of exceedingly-tall trees and by little 

light penetrating to the forest floor. In tropical regions, it is 


called a jungle. 
Nowhere on earth is there a greater variety of life forms than in 
а RAIN FOREST. 


rain shadow \'ran 'shad-(,)0\ 
EARTH SCIENCE. An area of land on the leeward side of a moun- 
tain or mountain range where rainfall is much less than on the 
windward side. 


А RAIN SHADOW may occur On any side of a mountain, depend- 


ing on the prevailing winds. 


ramjet engine \'ram-jet 'en-jan\ 
AERONAUTICS and ENGINEERING: A type of jet engine whose mo- 
tion through the air causes air to be continuously compressed 
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random sampling 


in its open forward end. When the air is ignited with fuel in 
the combustion chamber, hot gases are ejected from the rear 
opening, providing thrust. 

A RAMJET ENGINE can be used only when it is moving fast 
enough to ram air into the open forward end. 


random sampling Vran-dom 'sam-plin\ 
MATHEMATICS. A procedure for choosing a sample from a pop- 
ulation so that all members of the population have an equal 
chance to be included in the sample. 


Many polltakers use RANDOM SAMPLING to determine public 
opinion on issues or to predict outcomes of political elections. 


rare-earth elements \'ra(9)r-,arth 'el-o-montsV 
CHEMISTRY. The group of chemical elements with atomic num- 
bers 58 through 71, although the group may include the ele- 
ments scandium, yttrium and lanthanum, because they have 
very similar chemical and physical properties; see table, 
page 620. 


Several of the RARE-EARTH ELEMENTS are not rare, since in the 
earth's crust cerium is more abundant than lead and yttrium is 
more abundant than tin. 


rarefaction \,rar-a-'fak-shon\ n. 
PHYSICS, A region of low air pressure, generally much lower 
than atmospheric pressure; in dealing with compressional 
waves, as of sound energy, a region of lowered pressure or 
density that moves at the speed of the wave, as contrasted 
with a compression, or a region of increased pressure or density. 


As a continuous sound is transmitted through air, each RARE- 
FACTION is preceded and followed by compressions, 


rare gases \'ra(a)r 'gas-os 
CHEMISTRY. The six gaseous elements: argon, helium, krypton, 
neon, radon and xenon, They are frequently called inert gases 
because they do not tend to form compounds with other ele- 
ments. All six are found in the atmosphere. 


Radon, one of the RARE GASES, is formed constantly by the radio- 
active decay of radium in the earth's crust. 


ratio \'ra-(,)shd\ n. 
MATHEMATICS. A relationship between two numbers or quan- 
tities, expressed as the quotient resulting from the division of 


the first number or quantity by the second number or quantity. 


The ratio of 12 to 8 may be written as 12:8 or as 12/8 and is 
equal to 95. 


Lothanum 
la 57 


Cerium 
Ce 58 | 


Praeseodymium | 


Pr 59 


Neodymium 
Nd 60 


Promethium | 
Pm 61 


Samarium 
Sm 62 


Europium 
Eu 63 
Gadolinium | 
Gd 64 
RARE-EARTH 


Terblum 
| Tb 65 


Dysprosium 
Dy 66 


Holmium 
Ho 67 


Erbium 

Er 68 
Г ташт | 
Tm 69 


Ytterblum 
Yb 70 


Lutetium 
d lu 71 


ELEMENTS 


COMPRESSION 


RAREFACTION 


мөт! 
Element Sater 
HELIUM (не) 
NEON (Ne) 
ARGON (Ar) 
KRYPTON (Kr) 
XENON (Xe) 
RADON (Ra) 


RARE 


Atomie [m 
weight configuration. 


GASES 


reactants 


rational number Vrash-nol 'nom-borV 
MATHEMATICS. Any number that can be expressed as the ratio 
or the quotient of two integers or whole numbers. 


The fraction % is à RATIONAL NUMBER. 


ray \'ra\ n. 

1. astronomy. Any of the whitish lines that appear to radiate 
from lunar craters. 2. рнүзїсз, A beam of radiant energy, such 
as light, that has a small cross section; also, a stream of particles, 
such as cathode rays and alpha rays. 3, BOTANY. Any of the 
flower stalks of a cluster of flowers called an umbel; also, any 
one of the marginal strap-shaped flowers of some composites, 
including sunflowers and asters. 4. ZOOLOGY. Any of the bony 
elements that support the fins of a fish; also, a radiating branch, 
as the arm of a starfish, 5. MATHEMATICS. A straight line that 
extends in one direction from a point called the origin. 


A lunar ray may be more than 1,000 miles long and usually 
originates at a large crater. 


rayon \'ra-,in\ n. 
снеміѕтАҮ. A synthetic fiber developed as a substitute for silk 
and prepared by one of several processes that involve dissolv- 
ing cellulose in a solvent and then precipitating it from the 


solution. 


In making RAYON, dissolved cellulose is forced through small 
holes in a plate before it is solidified as filaments in the precipi- 
tating solution. 


reactance \ré-'ak-ton(t)s\ n. 

SPINNERET puysics. Opposition to the flow of alternating electric current 
ILL through a circuit (as distinguished from resistance, that op- 
poses both alternating and direct current); also, the combined 
effect of a coil (inductive reactance) and a capacitor (capaci- 
tive resistance) in an alternating current circuit. Reactance 
combines with resistance to produce the alternating current 

impedance of a circuit; see impedance. 


As the frequency of alternating current increases, the inductive 
REACTANCE of @ circuit also increases, but its capacitive reac- 


tance decreases. 


p x v 
É DILUTE HySOx 
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reactants \ré-'ak-tan(t)s\ n. 
CHEMISTRY. Substances that enter into chemical reactions, as 


distinguished from products that result from chemical reactions. 


If baking soda is added to vinegar, the baking soda and acetic 
acid in the vinegar are REACTANTS that produce fizzing. 
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reaction \ré-'ak-shon\ n. 

1. снеміѕтАҮ, A process by which at least one new substance 
is produced from a beginning substance or substances (reac- 
tants), with accompanying release or using up of energy; a 
chemical change. 2. prysics. The equal and opposite force that 
accompanies the application of any initial force, as the recoil of 
a gun; also, any change in the nucleus of an atom. 3. MEDICINE 
and puysioocy. The response of a living thing to a stimulus; 
also, a variety of chemical changes that may occur in the body 
as a result of the presence of some substance, such as pollen, 
not normally present. 


The burning of paper is a chemical REACTION in which paper 
and oxygen are the reactants and carbon dioxide, water vapor 
and ash are the products. 


reaction time \ré-'ak-shan 'tim\ 
PHYSIOLOGY. The period of time between the application of a 
stimulus and the start of the response to the stimulus; also 
called latent period. 


The REACTION TIME required to apply automobile brakes varies 
with different people. 


reactor \ré-'ak-tor\ n. 
1. ENGINEERING. A device in which fissionable materials undergo 
a chain reaction at a controlled rate; see nuclear reactor. 2. 
CHEMISTRY, A piece of equipment in which a chemical reaction 
is carried out. 3, MEDICINE. An animal that reacts positively to 
a test, as a test for tuberculosis. 


The first ship to be powered by a nuclear reactor was the 
submarine “Nautilus.” 


readout \'ré-,daut\ n. 


ENGINEERING and MATHEMATICS. A readable form of data pro- 
duced by a computer, 


Many analog computers produce reanour in the form of printed 
numbers, 


reagent \ré-'d-jont\ n. 


CHEMISTRY. Any chemical used to react with another substance. 
A reagent is frequently in the form of a solution; also, a sub- 
stance of high purity used in chemical analysis. 


Hydrogen sulfide is often used as a mEAcENT to detect such 
metallic ions as lead and cadmium in an unknown solution. 


REACTION 


NAUTILUS 


REACTOR 


This 10-digit binary word signals 
Surveyor moon probe to move its antenna 


READOUT 


ON DEVICE TRANSMITTING 
COMMANDS TO SPACECRAFT 


reciprocal 


real image Vré(-9)] 'im-ij\ 
ънүзісз, An inverted image that may be either larger ог smaller 
than the object. It is formed by rays of light that have passed 
through a lens or that have been reflected from a curved 
mirror and can be focused on a sheet of paper or a screen; see 
image and virtual image. 


A near IMAGE can be formed by allowing light from an object 
to pass through a pinhole and fall on a screen. 


real number \'тё(-ә)1 nom-bar 


PINHOLE CARD 

MATHEMATICS. Any rational number, such as a whole number 
or fraction, or any irrational number, such as a nonrepeating 

TIMES ex cae decimal. 

: The irrational number \/3 is а REAL NUMBER. 
REAL IMAGE 
recapitulation theory \,ré-ko-,pich-o-'li-shon 'thé-o-ré\ 

REAL IMAGE тогосу, A theory maintaining that the phases in the embryonic 


development of an animal are identical with (or recapitulate) 
the evolutionary changes of its adult ancestors; also called the 
biogenetic law; see ontogeny and phylogeny. 

Biologists now regard a living organism as one individual from 
zygote to death, not as a series of ancestors as originally stated 
in the RECAPITULATION THEORY. 


receptor Vri-'sep-torV n. 
PmwstoLOGY. A sense organ, such as an eye; also, a sensory 
neuron or a single cell that functions as a receiver of a specific 
stimulus. 


Each wecertor is usually adapted to receiving only one kind 
of stimulus, such as light, odor, pressure or heat, 


TONGUE SURFACE 


recessive trait \ri-'ses-iv 'trāt\ 
pioocy. A hereditary characteristic that does not appear when 
combined with a dominant characteristic. 


Albinism, or lack of pigmentation, is a common RECESSIVE TRATT 
that is frequently masked by the dominant trait of pigmen- 
tation. 


reciprocal \ri-'sip-ro-kal\ 
MATHEMATICS (N.). The result obtained when 1 is divided by 
a given number or quantity; also, the multiplicative inverse of 
an expression. (Adj.). Related or corresponding, but inverse in 
nature. 


The nkciPRocAL of 9 is 1/9. 
187 


reciprocating engine 


reciprocating engine \ri-'sip-ra-,kat-in 'еп-јәп\ 
ENGINEERING. An engine in which the reciprocating, or back- 
and-forth, motion of a piston is changed to rotary motion by 
a crankshaft and connecting rod. 


The RECIPROCATING ENGINE of the automobile may eventually 
be replaced by a turbine. 


rectangular coordinates \rek-'tay-gyo-lor ko-'órd-nots 

MATHEMATICS. The two numbers, x and y, of an ordered pair 
(xy) by which a point may be located in a plane divided into 
four quadrants by a horizontal line, or x-axis, and by a vertical 
line, or y-axis. The first number of the pair indicates the num- 
ber of units the point is above or below the x-axis, while the 
second number of the pair indicates the number of units the 
point is to the right or left of the y-axis; also called Cartesian 
coordinates, 


The RECTANGULAR COORDINATES of a point are often referred to 
individually as the abscissa and the ordinate. 


rectification \,rek-to-fo-'ka-shon\ n. 
1. MATHEMATICS. The process of determining a straight line 
segment whose length is equal to that of a given curve or arc 
of that curve. 2. prysics, А process that changes alternating 
electrical current into direct current; see rectifier. 


The RECTIFICATION of many curves may be achieved by integral 
calculus, 


rectifier \'rek-to-,fi(-a)r\ n. 
PHYSICS. A device that permits electric current to flow through 
it in only one direction. It is used to change alternating current 
into direct current and may be an electron tube, a solid state 
device, such as a germanium crystal, or an electrolytic cell in 
which two electrodes are immersed in a conducting solution. 


A RECTIFIER is necessary to charge a storage battery by means 
of alternating electric current. 


rectilinear \,rek-ta-'lin-é-ar\ adj. 
MATHEMATICS, Referring to straight lines; composed of, formed 
by or bounded by straight lines. 


An object moving along a straight line has RECTILINEAR motion. 
rectilinear motion \,rek-to-'lin-é-ar 'mó-shenV 
PHYSICS. Movement іп a straight line. 


What appears to be RECTILINEAR MOTION may actually be curved 
motion, as a car moving across the curved. surface of the earth. 


RECIPROCATING ENGINE 


RECTANGULAR 
COORDINATES 


DIRECT 
CURRENT 


ALTERNATING € 
CURRENT 


RECTIFIER (BATTERY CHARGER) 
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RED CORPUSCLE 


RUSTING OF IRON 
4Fe+30x+6Hs0-> 2(FesOs + 3H20) 
TARNISH OF SILVER 
2Ag + S > Ag: 


REDOX 
(REACTIONS) 


reducing agent 


rectum \'rek-tom\ n. 
ANATOMY and zooLocy. The terminal part of the alimentary 
canal, or food tube, in an animal. 


A grasshopper's intestine expands at its lower end to form the 
RECTUM. 


recycling \,ré-'si-klin\ n. 
Astronautics. The recovery, purification and reuse of waste 
materials, particularly of air, food and water, in a space vehicle. 


One plan for RECYCLING involves the use of green plants to con- 
vert carbon dioxide and solid wastes to oxygen and edible car- 
bohydrates. 


red corpuscle Vred ‘kér-,pas-al\ 
ANATOMY and 20010сү. A disk-shaped, double-concave blood 
cell in vertebrate animals. It contains hemoglobin that carries 
oxygen from the lungs or gills to the tissues; also called an 
erythrocyte. 


A single rep conpuscie appears yellowish through a microscope. 


redox \'ré-,diiks\ adj. 
CHEMISTRY. Referring to a type of chemical reaction in which 
one atom or group of atoms gains electrons (is reduced) and 
another atom or group of atoms loses electrons (is oxidized ); 
also called oxidation-reduction. 


Hydrogen is widely used as a reducing agent in industrial 
REDOX reactions. 


red shift Vred 'shiftV 
astronomy. A shift in the lines of certain stellar and galactic 
spectra toward the red end because those stars or galaxies are 
moving away from the earth; see Doppler shift and Doppler 


effect. 


The nev ѕніғт in the spectra of distant galaxies supports the 
theory of the expanding universe. 


reducing agent \ri-'d(y)iis-in 'a-jontV 
cuemustry. An atom, group of atoms or an ion that provides, 
or loses, electrons that are gained by another atom, group of 
atoms or an ion in a chemical reaction; also, a substance that 


will remove oxygen from a compound. 


Hydrogen is а REDUCING AGENT that reacts with hot iron oxide 
to produce water vapor and metallic iron. 
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reduction \ri-'dak-shon\ n. 

1. MATHEMATICS. The process of changing an expression or 
quantity to a different, usually simpler, form by such proce- 
dures as making substitutions, collecting terms and simplifying 
fractions; in geometry, proceeding from one proposition to an- 
other that seems simpler, proving the latter and then reversing 
the order; also, a decrease. 2. CHEMISTRY. A chemical reaction 
by which an atom or ion gains one or more electrons; also, the 
removal of oxygen from a compound, usually forming a free 
metallic element as one product. 3. ENGINEERING. The removal 
of nonmetallic impurities from ores to produce metals. 


The xepuction of a fraction to a decimal is achieved by dividing 
the numerator by the denominator. 


reduction division \ri-'dak-shon do-'vizh-onN 
BIOLOGY. The first of the two cell divisions in meiosis, in which 
the chromosome number in a cell is reduced by half. Reduction 
division occurs only in gametogenesis, or meiosis, and leads to 
the haploid number of chromosomes in the reproductive cells 
of plants and animals; see meiosis, haploid number and diploid 
number. 


A sperm and an egg formed by REDUCTION DIVISION unite in 
fertilization to restore a full number of chromosomes in the fer- 
tilized cell. 


reef \'réf\ n. 
EARTH SCIENCE, A ridge or range of rock or coral at or near the 


surface of the sea. It is generally submerged but may be visible 
at low tide. 


An atoll, found typically in the South Pacific Ocean, is a coral 
REEF Or ring-shaped chain of coral reefs. 


reflecting telescope \ri-'flekt-in 'tel-a-,skop\ 
ASTRONOMY. A type of telescope that uses a spherical or para- 
bolic mirror rather than an objective lens for focusing light rays; 
also called a reflector; see refracting telescope and Casse- 
grainian reflector. 


The largest REFLECTING TELESCOPE in the world, at the Palomar 
Observatory in California, has a mirror 200 inches in diameter, 


reflection \ri-'flek-shon\ п, 
PHYSICS. The change of direction of a moving object, a stream 
of particles or energy when it strikes a substance that it does 
not enter; also, the image formed by a mirror. 


A flat stone, when thrown properly onto a still lake or pond, 
will undergo repeated REFLECTION: 


SINGLE CHROMOSOMES 


DOUBLE CHROMOSOMES on 
L 
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reflex \'ré-,fleks\ 


1. PHYSIOLOGY (N.). A simple involuntary response to a stim- 
ulus, often involving only three neurons: a receptor, an adjustor 
and an effector. 2. prysics (Adj.). Referring to an electronic 
amplifier that can amplify simultaneously two signals of widely- 
different frequencies. 


The blinking of an eye that is threatened by a moving object 
is a simple REFLEX. 


reflex angle \'ré-,fleks ‘ay-gal\ 


MATHEMATICS. An angle that is greater than 180 degrees and 
less than 360 degrees. 


An angle that measures 220 degrees is а REFLEX ANGLE. 


reflex arc Vre- fleks 'ärk\ 


puysioLocy. The nerve path or route traveled by an impulse 
in an involuntary response to a stimulus, The path often con- 
sists simply of a receptor, an adjustor and an effector neuron, 
The receptor nerve receives the stimulus and transfers the im- 
pulse to an adjustor neuron in the central nervous system. The 
adjustor neuron transmits the impulse to an appropriate motor 
or effector neuron, which, in turn, stimulates a muscle or a 
gland to act. 


Many of the adjustor neurons that function in a REFLEX ARC are 
located within the spinal cord. 


reflex camera \'ré-,fleks 'Кат-(ә-)гә\ 


ENGINEERING. A camera that uses a mirror or prism system in the 
viewfinder. It usually forms an image the same size as the im- 
age that is formed on the photographic film. 


A single lens REFLEX CAMERA forms both the viewfinder image 
and the image on the film with light coming through the lens, 
while a double lens reflex camera has a separate viewfinding 
lens that is usually a duplicate of the main lens. 


reflux \'ré-,flaks\ v. 


CHEMISTRY. To heat a solution and condense the vapors formed 
into a liquid that flows back into the solution to be heated again. 


In carrying out slow reactions of highly-volatile compounds, it 
is often desirable to nerux the reactants so the volatile mate- 
rials will not be lost. 
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